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Outline
✦LHC Performance

✦Observation of the ttH production

✦First 2017 data results

✦Resonant searches

✦Non-resonant searches

✦Searches for dark matter


✦ Disclaimer: I'll mainly focus on the most recent results - either preliminary or just submitted - 
generally 6 month or more recent


✦ For the full searches landscape in CMS, see:

๏ http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS/

index.html

๏ http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO/

index.html

๏ http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/

index.html

๏ http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG/

index.html
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO/index.html
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The LHC  
Performance 
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2018 Data Taking
✦ About 20/fb has been already delivered by the LHC in 

2018, exceeding the integrated luminosity projections
✦ 50% stable beam fraction so far, expect further increase 
✦ Thank you, the LHC, for a good start of what should be 

another spectacular year!
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Top Yukawa 
Coupling
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Observation of ttH
✦ Recently, CMS reported first observation of ttH production

๏ Tour de force analysis, combining multiple channels (bb, ττ, 
γγ, multileptons), as well as 7, 8, and 13 TeV data

๏ 5.2σ observed (4.2σ expected) significance, benefiting from 
an excess seen in Run 1 data

๏ μ = 1.26+0.31-0.26, in agreement with the SM
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Figure 1: Best fit value of the ttH signal strength modifier µttH, with its 1 and 2 standard devia-
tion confidence intervals (s), for (upper section) the five individual decay channels considered,
(middle section) the combined result for 7+8 TeV alone and for 13 TeV alone, and (lower section)
the overall combined result. The Higgs boson mass is taken to be 125.09 GeV. For the H ! ZZ⇤

decay mode, µttH is constrained to be positive to prevent the corresponding event yield from
becoming negative. The SM expectation is shown as a dashed vertical line.

defined as the negative of twice the logarithm of the profile likelihood ratio [40]. Systematic
uncertainties are incorporated through the use of nuisance parameters treated according to
the frequentist paradigm. The ratio between the normalization of the ttH production process
and its SM expectation [33], defined as the signal strength modifier µttH, is a freely floating
parameter in the fit. The SM expectation is evaluated assuming the combined ATLAS and CMS
value for the mass of the Higgs boson, which is 125.09 GeV [41]. We consider the five Higgs
boson decay modes with the largest expected event yields, namely H ! WW⇤, ZZ⇤, gg, t+t�,
and bb. Other Higgs boson decay modes and production processes, including pp ! tH+X (or
tH + X), with X a light flavor quark or W boson, are treated as backgrounds and normalized
using the predicted SM cross sections, subject to the corresponding uncertainties.

The measured values of the five independent signal strength modifiers, corresponding to the
five decay channels considered, are shown in the upper section of Fig. 1 along with their 1
and 2 standard deviation confidence intervals obtained in the asymptotic approximation [42].
Numerical values are given in Table 1. The individual measurements are seen to be consistent
with each other within the uncertainties.

We also perform a combined fit, using a single signal strength modifier µttH, that simultane-
ously scales the ttH production cross sections of the five decay channels considered, with all
Higgs boson branching fractions fixed to their SM values [33]. Besides the five decay modes
considered, the signal normalizations for the Higgs boson decay modes to gluons, charm
quarks, and Zg, which are subleading and cannot be constrained with existing data, are scaled
by µttH. The results combining the decay modes at 7+8 TeV, and separately at 13 TeV, are shown
in the middle section of Fig. 1. The overall result, combining all decay modes and all CM en-
ergies, is shown in the lower section, with numerical values given in Table 1. The table also
includes a breakdown of the total uncertainties into their statistical and systematic compo-
nents. The overall result is µttH = 1.26 +0.31

�0.26, which agrees with the SM expectation µttH = 1
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Figure 2: The test statistic q, described in the text, as a function of µttH for all decay modes at
7+8 TeV and at 13 TeV, separately, and for all decay modes at all CM energies. The expected
SM result for the overall combination is also shown. The horizontal dashed lines indicate the
p-values for the background-only hypothesis obtained from the asymptotic distribution of q,
expressed in units of the number of standard deviations.

within 1 standard deviation.

Figure 2 shows the value of the test statistic q as a function of µttH, with µttH based on the com-
bination of decay modes described in the previous paragraph. The results are shown for the
combination of all decay modes at 7+8 TeV and at 13 TeV, separately, and for all decay modes at
all CM energies. To quantify the significance of the measured ttH yield, we compute the prob-
ability of the background-only hypothesis (p-value) as the tail integral of the test statistic using
the overall combination evaluated at µttH = 0 under the asymptotic approximation [43]. This
corresponds to a significance of 5.2 standard deviations for a one-tailed Gaussian distribution.
The expected significance for a SM Higgs boson with a mass of 125.09 GeV, evaluated through
use of an Asimov data set [43], is 4.2 standard deviations.

In summary, we have reported the observation of ttH production with a significance of 5.2 stan-
dard deviations above the background-only hypothesis, at a Higgs boson mass of 125.09 GeV.
The measured production rate is consistent with the standard model prediction within one
standard deviation. In addition to comprising the first observation of a new Higgs boson pro-
duction mechanism, this measurement establishes the tree-level coupling of the Higgs boson
to the top quark, and hence to an up-type quark.
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New tH(bb) Search
✦ Very sensitive to negative relative sign of the ttH vs. VVH coupling, 

which increases the cross section dramatically due to spoiled 
negative interference seen for the SM case w/ positive relative sign

✦ Complementary to the global fits, which only sensitive to loop effects
✦ Still more data are required to test concrete models
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Figure 7: Upper limits on tH + tt̄H scenarios with different kt/kV ratios. The red lines show
the theory predictions and the inner (green) band and the outer (yellow) band indicate the
regions containing 68 and 95%, respectively, of the distribution of limits expected under the
background-only hypothesis. None of the inspected points can be excluded.
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Figure 1: Representative Feynman diagrams for the associated production of single top quarks
and Higgs bosons in the t channel (top row) and in the tW channel (bottom row). The Higgs
boson can couple either to the top quark or the W boson in both processes.

Figure 2: Cross sections in the kt � kV plane at 13 TeV for tHq (left) and tHW (right) production.
Right figure adapted from [12].
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Figure 5: Limits in the (cd, cu) plane obtained by recasting the combined limit at 95% CL on the
Z0 boson cross section from dielectron and dimuon channels. For a given Z0 boson mass, the
cross section limit results in a solid thin black line. These lines are labelled with the relevant
Z0 boson masses. The closed contours representing the GSM, LR, and E6 model classes are
composed of thick line segments. Each point on a segment corresponds to a particular model,
and the location of the point gives the mass limit on the relevant Z0 boson. As indicated in the
bottom left legend, the segment line styles correspond to ranges of the particular mixing angle
for each considered model. The bottom right legend indicates the constituents of each model
class.

mediator with equal couplings to quarks and leptons. The cross sections for lepton production
are calculated at NLO in QCD, using the DMSIMP implementation [27] of the simplified model
in MADGRAPH5 aMC@NLO version 2.5.2 [46]. Assuming the optimistic axial-vector coupling
scenario and mDM > mMed/2, the signal cross section for the production of an electron or muon
pair within the analysis acceptance ranges between approximately 100 pb at low values of the
mediator mass (around 200 GeV), and 0.1 fb for higher values (around 4 TeV). The partial and
total mediator decay widths, calculated at LO in QCD, are included via the MADWIDTH pack-
age [61].

While the DM particle is not probed directly, its mass indirectly modulates the sensitivity of the
dilepton search. For low values of the DM particle mass mDM < mMed/2, the mediator boson
will dominantly decay into DM particles, thus reducing the branching fraction to leptons, and
making the mediator harder to probe in this search. At high values of the DM particle mass
mDM > mMed/2, the mediator cannot decay to the DM particles and the leptonic branching
fraction becomes sizeable. In the vector mediator model, the relatively small leptonic cou-
plings mostly limit the sensitivity of this analysis to the regime of mDM > mMed/2. This regime
is especially interesting to probe since it is almost inaccessible to typical searches based on
missing transverse momentum [64]. In the axial-vector mediator model, the leptonic couplings
of the mediator are sizeable and an exclusion is also possible for mDM < mMed/2. In the for-

6 4 Analysis strategy and results
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Figure 4: The 95% CL upper limits on the production cross section times branching fraction for
a spin-1 resonance with a width equal to 0.6% of the resonance mass, relative to the production
cross section times branching fraction for a Z boson, for the dielectron channel using the 2017
dataset (left) and for its combination with the 2016 dataset (dielectron and dimuon channels)
(right). The shaded bands correspond to the 68 and 95% quantiles for the expected limits.
Theoretical predictions for the spin-1 Z0

SSM and Z0
y resonances are shown for comparison.

than 100 events in data lie within this window, the window is symmetrically expanded until
this number is reached. This procedure sets the level of the statistical uncertainty in the local
background amplitude. The observed limits are robust and do not significantly change for rea-
sonable variations in the limit-setting procedure, such as modifications of the mass intervals
used in the fit or changes in the assumed background shape.

The limits obtained are only valid for narrow resonances with widths of the order of a few
percent of the resonance mass, correspond to on-shell cross sections and do not include model-
dependent interference effects or enhancements at low mass values related to the PDFs. Within
these constraints, the limits are, to a good approximation, model independent for a given spin-
1 boson and production mechanism. The cross sections obtained from MC event generators
such as PYTHIA must be corrected as they include off-shell effects. A reasonable approximation
of the on-shell cross section calculation is obtained by applying a ±5%

p
s cut on the mass

window, following the prescription in Ref. [21].

The uncertainty on the signal efficiency is 6% (8%) for the barrel–barrel (barrel–endcap) cate-
gory. The uncertainty on the mass scale of the assumed resonance from the electron energy
scale uncertainty was found to be 2% (1%) for the barrel–barrel (barrel–endcap) category. The
uncertainty in the background shape is dominated by the statistical uncertainty in the back-
ground amplitude estimate. Varying the numbers of background events within their total un-
certainties is found to have a negligible impact on the derived limits.

The results obtained on the 2017 dataset in the dielectron channel are combined statistically
with those obtained on the data recorded by the CMS experiment in 2016 in the dielectron and
dimuon channels [8]. The 95% CL upper limits on Rs together with the 68% and 95% expected
bands are shown in Fig. 4 for 2017 dataset (dielectron channel) and for its combination with
the 2016. The 95% CL observed lower limits on the masses of the Z0

SSM and Z0
y bosons are

presented in Table 2, along with the expected results. The limits exclude a Z0
SSM

boson with
a mass less than 4.7 TeV and a Z0

y boson with a mass less than 4.1 TeV. These results surpass
the corresponding limits obtained from the analysis of the 2016 dataset [8]. The lower limits on
Z0

SSM and Z0
y bosons are improved by 0.2 TeV.

Z'(ll) Search
✦ CMS analysis based on 2016+2017 (ee) data


๏ Use standard techniques well-tested in earlier reincarnations of 
the analyses


๏ Limits on sequential Z' reached ~4.5 TeV

✦ Limits as a function of cu/cd couplings are done on 2016 data

✦ The results can also be interpreted as limits on quark-lepton 

compositeness
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Figure 3: The invariant mass spectrum (left) and cumulative distribution (right) of the dielec-
tron events in the barrel–barrel and barrel–endcap categories. The points with error bars repre-
sent the data. The histograms represent the expectations from SM processes: Z/g⇤, tt and other
sources of prompt leptons (tW, diboson production, Z ! tt), and from multijet events. The
simulated backgrounds are normalised to the data in the region of 60 < mee < 120 GeV. The
shaded band in the lower panels illustrates the total uncertainty on the background predictions.

is adjusted to describe the data using DY events in the Z boson mass peak. The resolution for
dielectron pairs with a mass of 2 TeV is 1.3% for barrel-barrel pairs and 2.0% for barrel-endcap
pairs.

The functional form of the background pdf is defined by considering the complete background
set in the two event categories separately. The background shape parameters of the pdf are
obtained by fitting the mass distribution (in the mass range between 200 and 4500 GeV) for the
total background produced using SM generators and the background arising from multijets
deduced from the data.

The limits are set on the parameter Rs, which is the ratio of the cross section for dielectron
production through a Z0 boson to the cross section for dielectron production through a Z or g⇤

boson, measured in a mass window of 60 to 120 GeV. By performing a measurement relative
to the Z boson cross section, the dependence on the uncertainty of the integrated luminosity
is removed and the impact of several experimental and theoretical systematic uncertainties is
reduced.

The signal yield is given by the Poisson mean µS = RsµZRe, where the Re is the ratio of the
selection efficiency times detector acceptance for the Z0 decay relative to the Z boson decay, and
µZ is the Poisson mean of the number of Z ! ee events, estimated by counting the number of
dielectron events around the Z mass.

The limit-setting procedure used is identical to that described in Ref. [8]. A uniform prior pdf
for positive values of the signal cross section is assumed; this choice results in good frequentist
coverage. Log-normal prior pdfs are assumed for the nuisance parameters representing sys-
tematic uncertainties. The acceptances are derived from the simulations. To obtain the limit
for a dielectron mass point, the amplitude of the background shape function is constrained us-
ing data within a mass window ±6 times the mass resolution about the mass point. If fewer

2017
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Search for Z' in Z → 4µ decay
✦ Search for Z' with preferential coupling to 

second-generation particles, suggested as 
possible explanation of b → sμμ flavor  anomalies


✦ Based on the H(ZZ) → 4μ analysis, using 
2016+2017 data


✦ Closed significant fraction of the allowed 
parameter space in the Lμ - Lτ models 
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Figure 1: Leading-order Feynman diagrams for the signal process (left) and the dominant back-
ground process (right).

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated parti-
cles with transverve momentum pT between 1 and 10 GeV and |h| < 1.4, the track resolutions
are typically 1.5% in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact param-
eter [21]. Muons are measured in the pseudorapidity range |h| < 2.4, with detection planes
made using three technologies: drift tubes, cathode strip chambers, and resistive plate cham-
bers. Matching muons to tracks measured in the silicon tracker results in a relative transverse
momentum resolution for muons with 20 < pT < 100 GeV of 1.3–2.0% in the barrel (|h| < 0.9)
and better than 6% in the endcaps (|h| > 0.9).

The first level of the CMS trigger system [22], composed of custom hardware processors, uses
information from the calorimeters and muon detectors to select the most interesting events
in a fixed time interval of less than 4 µs. The high-level trigger (HLT) processor farm further
decreases the event rate from around 100 kHz to less than 1 kHz, before data storage.

3 Data and simulated samples

This analysis makes use of pp collision data recorded by the CMS detector in 2016 and 2017,
corresponding to an integrated luminosity of 77.3 fb�1. Collision events are selected by high-
level trigger algorithms that require the presence of one, two, or three muons passing loose
identification and isolation requirements. The overall trigger efficiency for simulated signal
events that pass the full selection chain of this analysis (described in Section 4) is larger than
99%. The trigger efficiency is measured in data with a method based on the “tag-and-probe”
technique [23] using a sample of 4µ events collected by the single-muon triggers. Muons pass-
ing the single-muon triggers are used as tags and the other three muons are used as probes.
The efficiency in data is found to be in agreement with the expectation from simulation.

Monte Carlo simulation samples for the Z0 signal and for the background coming from the
production of Z ! g⇤µµ ! 4µ via qq annihilation or gluon fusion are used to estimate back-
ground rate, optimize the event selection, and evaluate the acceptance and systematic uncer-
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Figure 4: Expected and observed 95% CL limits on the product of Z0 production cross section
and branching fraction (left y-axis) and B(Z ! Z0µµ)⇥ B(Z0 ! µµ)(right y-axis).
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space. These constraints are adapted from Ref. [8].
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Observation of χbJ(3P)
✦ First observation of excited, 3P χbJ states, J = 1, 2 via Υ(3S)γ 

decays using 2015-2017 data
✦ Detect low-pT photons using conversions into e+e- pairs
✦ Achieved an unprecedented 5 MeV resolution in mass, and 

measured mass difference to be: ΔM = 10.60 ± 0.64 ± 0.17 MeV

�11

4

Figure 3: The invariant mass distributions of the cbJ ! U(nS) g candidates (n = 1, 2, 3), after
the PES correction. The inset shows the cb1(1P) and cb1(2P) masses fitted before (open squares)
and after (filled circles) the PES correction, with vertical bars representing the statistical uncer-
tainties. The world-average values [33] are shown by the horizontal bands, with dashed lines
representing their total uncertainties.
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Figure 4: The invariant mass distribution of the cbJ(3P) ! U(3S) g candidates. The vertical
bars are the statistical uncertainties. The curves represent the fitted contributions of the two
signal peaks, the background, and their sum.

10.4 GeV. The cb1(3P) and cb2(3P) signal peaks are modeled with a double-sided Crystal Ball
function [34], which complements a Gaussian core with low- and high-mass power-law tails,
defined by the transition points (aL,H) and the power-law exponents (nL,H). The tails of the
signal functions, identical for both peaks, are defined by the parameters nL = 3 and aL = 0.6,
for the low-mass tail, and by nH = 2 and aH = 1.4, for the high-mass tail. These values reflect
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1 Introduction
Although the Z boson was discovered more than 30 years ago [1], very few exclusive de-
cay channels outside of the dilepton final states have been observed. In particular, for ra-
diative dilepton decays the experimental evidence comprises an upper limit on the channel
Z ! `+`�g, where ` = µ, e [2], and observations of nonresonant Z decays to four leptons [3–
7]. Possible resonant structure in the four-lepton final state has yet to be investigated. The high
production rates of the Z boson at the LHC facilitate the study of rare decay channels such as
Z ! J/y g, Z ! V `+`�, and Z ! V V, where V is a vector meson with J

PC = 1��. In this pa-
per we present the observation of the decay of the Z boson to a J/y meson and two oppositely
charged same-flavor leptons.

The Z ! V `+`� process has been described and studied in various theoretical papers [8–14].
For the case where V = J/y, the branching fraction B(Z ! J/y `+`�) is calculable within the
standard model. The dominant diagram is the QED radiative process illustrated in Fig. 1, with
the g⇤–V transition strength taken from the V ! `+`� electromagnetic decays. The results
cover the range (6.7–7.7) ⇥ 10�7 [8, 9]. The measurement of this branching fraction can be
valuable for the calculation of the fragmentation function for a virtual lepton to split into a J/y
meson, as well as for the evaluation of potential backgrounds to Higgs decays into quarko-
nia [15, 16] or searches for new physics [17].

Figure 1: Leading-order diagram for the Z ! J/y `+`� process.

Although the Z ! J/y `+`� rate is predicted to be low, final states including leptons and vec-
tor mesons offer a clean signal. This analysis uses proton-proton collision data recorded by the
CMS experiment at a center-of-mass energy of 13 TeV, corresponding to an integrated luminos-
ity of 35.9 fb�1. Using this data set we report the first observation of the Z ! y `+`� decay
channel, where y is the sum of J/y and y(2S) ! J/y X. We measure the ratio of the branching
fraction of this decay to that of the normalisation decay Z ! µ+µ�µ+µ� to take advantage of
a partial cancellation of systematic uncertainties.

2 The CMS detector
The CMS experiment features a superconducting solenoid providing a magnetic field of 3.8 T.
The solenoid encloses a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter, and a brass and scintillator hadron calorimeter. Muons are reconstructed using the
tracker together with gas-ionisation detectors (drift tubes, cathode strip chambers and resis-
tive plate chambers) embedded in the steel flux-return yoke outside the solenoid, covering a
range of |h| < 2.4 [18]. Electrons are reconstructed using information from the electromagnetic

Another Rare Z Decay 
✦ Observation of the Z → ψl+l-, ψ = J/ψ + ψ(2S)  

decay in the 4μ + 2μ2e modes


✦ B(Z → ψl+l-) ≈ 8 x 10-7, consistent w/ 
theoretical  predictions of (6.7-7.7) x 10-7

�13

4 4 Determination of signal yield

function of mµ+µ� with mean fixed to the J/y mass [21] and width free; the Z ! µ+µ�`+`�

PDF is a Breit-Wigner function of mµ+µ�`+`� with central value and width fixed to the mass
and width of the Z boson [21], convolved with a Gaussian function with floating width. The
continuum PDFs in each dimension, representing backgrounds that are both peaking and non-
peaking in the orthogonal dimension, are exponential functions with free decay parameters.
The projections in each variable are shown for the dimuon and dielectron samples in Fig. 3,
along with the PDF components resulting from the fit.

Figure 3: Invariant mass distributions for the y muon pairs (left) and for y `+`� (right), for
Z ! y µ+µ� (upper) and Z ! y e+e� (lower) candidates. In each histogram the data are
represented with filled circles, and the solid line curve is the overall fit to the data. The shaded
region corresponds to the signal yield, while the dashed lines are the y signal from the Z back-
ground (left) and the Z signal extracted from the y background (right).

The yields resulting from the fit are 13.0 ± 3.9 events for the Z ! y µ+µ� mode and 11.2 ± 3.4
events for Z ! y e+e�, where the uncertainties are statistical only. The yields of the two
decay modes agree within uncertainties, as expected, since the reconstruction efficiencies of
the electrons and muons in this pT range are similar. The Z ! µ+µ�µ+µ� reference signal
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Observation of the decay Z ! y `+`� in pp collisions atp
s = 13 TeV

The CMS Collaboration

Abstract

The observation is presented of the Z boson rare decay to a y meson and two op-
positely charged same-flavor leptons, `+`�, where y represents the sum of J/y and
y(2S) ! J/y X, and ` = µ, e. The data sample of proton-proton collisions at a center-
of-mass energy of 13 TeV corresponds to an integrated luminosity of 35.9 fb�1 accu-
mulated by the CMS experiment at the CERN LHC. The signal is observed with a
significance in excess of 5 standard deviations. Removing contributions from y(2S)
decays to J/y, the signal is interpreted as being entirely from Z ! J/y `+`�, with its
fiducial branching fraction relative to that of the decay Z ! µ+µ�µ+µ� measured to
be

B(Z ! J/y `+`�)
B(Z ! µ+µ�µ+µ�)

= 0.70 ± 0.18 (stat)± 0.05 (syst).

This result is obtained with the assumption of no J/y polarization. Extreme polar-
ization scenarios give a variation of the fiducial branching fraction measurement of
(�22 to +24)%.
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Low-Mass bb Dijet Search
✦ Likely the last search analysis based on 2012 data

✦ Uses dedicated b-tagged trigger, allowing for the first time to probe 

bb masses below the tt threshold

✦ Also, for the first time provide interpretation in the "zeta" simplified 

model framework [Chivukula et al., arXIv:1607.05525]
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FIG. 3. Observed and expected 95% C.L. upper limits on the product of cross section and branching fraction to bottom
quark-antiquark pairs for a scalar resonance (left), Z0 boson (middle), and RS graviton (right) signal models, as functions of
resonance mass. The discontinuity in the limits at 700GeV is associated with a change in the acceptance from SR1 to SR2.

 [GeV]Z'm
0 200 400 600 800 1000 1200

q
g'

0.02

0.03
0.04
0.05

0.1

0.2

0.3
0.4
0.5

SR1 SR2

95% CL upper limits

Observed

Expected

68% expected

95% expected

UA2

CDF Run1

CDF Run2

Z width

CMS dijet, 8 TeV

CMS dijet, 13 TeV

CMS dijet w/ISR, 13 TeV

ATLAS dijet, 8 TeV

CMS

 (8 TeV)-119.7 fb

 [GeV]Z'm
400 600 800 1000 1200

Z'
/m Z'

Γ)b
 b

→
(Z

'
Β]

 ij
)

→
(Z

'
Β  I∈ ij Σ[ = ζ

3−10

2−10

95% CL upper limits
 bb→Z'→uExp. u bb→Z'→uObs. u
 bb→Z'→dExp. d bb→Z'→dObs. d
 bb→Z'→Exp. pp bb→Z'→Obs. pp

=0.25q, g'bb→Z'→pp

CMS

 (8 TeV)-119.7 fb

SR1 SR2
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9. Statistical analysis 21
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result is shown in the black line. These results are shown specifically for the gKK signal hypoth-
esis as this model has characteristics that are common to many tt resonance searches.

✦ CMS search for tt resonances with 2016 data in the dilepton, 
semileptonic and all-hadronic final states, using both resolved 
decays and jet substructure

๏ Limits on GKK at 4.55 TeV are set @ 95% CL

๏ Also, limits on Z' with Γ/M = 0.1 at 5.0 TeV are set, as well as limits as 

a function of the Z' width
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agrees with the data. The posterior distributions of the nuisance parameters confirm that the
background component predictions are not significantly different from the estimates.
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Figure 4: The expected and observed limits on the product of the pair-production cross section
and branching fraction squared for a quark decaying to four quarks (left) and for a gluino
decaying to five quarks (right).

In summary, a search has been conducted at the LHC for light pair-produced resonances that
each decay into at least four quarks. No statistically significant excess over the expectation is
observed. The data impose limits on R-parity-violating supersymmetry pair production [15],
excluding squark masses between 0.10 and 0.72 TeV and gluino masses between 0.10 and 1.41 TeV.
These are the first constraints that have been placed on pair-produced particles with masses be-
low 400 GeV that decay into four or five quarks, bridging a significant gap in the coverage of
R-parity-violating supersymmetry parameter space. This analysis is sufficiently general that it
can be applied to other models describing pair-produced particles decaying into four or more
detectable objects.
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Figure 3: Left: a comparison between the QCD multijet m PDF and the tagged fat-jet pair
selection in simulated QCD multijet events that pass the signal selection. The pull of each m bin
is the difference of the value of the fat-jet pair m distribution and the value of the post-fit m PDF,
divided by the statistical uncertainty. Right: distributions in m, including the predicted (post-
fit) background contributions. Shown also are the signals from squarks with masses of 100 GeV
and 500 GeV. The pull of each m bin is the difference of the value of the data m distribution and
the value of the background prediction, divided by the statistical uncertainty.

The tt rate and shape nuisance parameter uncertainties are determined by their measured val-
ues in the CRs; we start the minimization procedure with the initial value of these parameters
reflecting no shift or stretch, as that is consistent with measurement. Interpreting the tt shift
and stretch as jet-mass scale and resolution uncertainties, respectively, we apply the same un-
certainties to the signal shape by constraining them to match the tt background nuisance pa-
rameters. For the signal rate, we assign the same uncertainty value that we measured for tt
events, since the signal and tt production and decay topologies are similar. The uncertainty
in the signal rate includes contributions from the integrated luminosity and the fat-jet tagging
scale factor. Uncertainties in the signal acceptance due to the parton distribution functions of
the proton contribute subdominantly. The central values and standard deviations of all of the
nuisance parameters are shown in Table 1.

Table 1: The nuisance parameters corresponding to each rate and shape parameter of the back-
ground and signal distributions, before and after the maximum-likelihood fit. Except for the
QCD multijet m PDF normalization, which is floating (and the value of which is simply the
event yield with its statistical uncertainty), each nuisance parameter has a Gaussian prior PDF
and is reported with the given mean and standard deviation.

Parameter Pre-fit value Post-fit value
QCD normalization [events] floating 1222 ± 35
QCD shift [GeV] 0 ± 17 �8 ± 4
QCD stretch (0 ± 18)% (�1 ± 3)%
tt normalization 1.00 ± 0.24 1.08 ± 0.14
tt and signal shift [GeV] 0 ± 16 �10 ± 6
tt and signal stretch (0 ± 20)% (15 ± 9)%
Signal normalization 1.00 ± 0.24 —

The resulting limits on the production cross section and the predicted background components
in the SR are shown in Fig. 4. Assuming the top squark production cross section, squark masses
between 0.10 and 0.72 TeV are excluded at 95% CL. Gluinos decaying to five quarks with masses
between 0.10 and 1.41 TeV are also excluded at 95% CL. The post-fit total background estimate
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RPV SUSY w/ Multiple Jets
✦ Search for pair-produced squarks decaying to 4 quarks or gluinos 

decaying to 5 quarks via RPV UDD coupling, using very large radius 
jets (D=1.2) with substructure and N-subjettiness as a discriminating 
variable against backgrounds


✦ Estimate QCD background via event mixing technique

✦ Sensitive to squark/gluino masses as low as 100 GeV; complementary 

to resolved-jet searches that typically start at masses ~0.5 TeV
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Hγ Search
✦ ATLAS/CMS has a number of Vg searches, with V = g, W, Z

✦ Natural extension: Hg, using H(bb) decay and boosted  topology

✦ Classify events according to the double-b-tag discriminant


๏ b-tagged topology most sensitive at relatively low masses

๏ At large masses, untagged topology is more sensitive, as backgrounds are low

�17
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Figure 2: The observed Jg invariant mass spectra in the signal region, shown along with the
background fit and a few selected signals (arbitrary nomralization), for the b-tagged (left) and
untagged (right) categories. The green and yellow bands correspond to the one and two stan-
dard deviation uncertainties in the background fit. Shown in the lower panels are the numbers
of events in data divided by the predicted number of events from the nominal background fit,
with the error bars corresponding to the statistical uncertainty of data and the shaded band to
one standard deviation in the background fit.

A search for heavy, narrow-width resonances decaying to a Higgs boson and a photon (Hg)254

has been performed in proton-proton collision data corresponding to an integrated luminosity255

of 35.9 fb�1, collected with the CMS detector at the LHC at a center-of-mass energy of 13 TeV in256

2016. Events in which a photon and a Lorentz-boosted Higgs boson that decays hadronically257

and reconstructed as a single, large-radius jet are considered, and the g+jet invariant mass258

spectrum is analyzed to look for the presence of narrow-width resonances. To increase the259

sensitivity of the search, events are categorized depending on whether the large-radius jet is260

consistent with originating from merging of two b quarks. The backgrounds, dominated by261

the standard model g+jet production are estimated directly from data, without reliance on262

simulation. Results in both categories are found to agree with the predictions of the standard263

model. Upper limits on the production of Hg resonances are set as a function of resonance264

mass in the range of 720–3250 GeV, ranging from 25 to 0.4 fb. These are the most stringent265

limits on narrow, spin-1 Hg resonances to date in the entire mass range, and the only limits266

available below 1000 GeV and above 3000 GeV.267
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Figure 3: Upper limits at 95% CL on signal cross section times branching fraction to Hg for the
b-tagged (upper left), untagged (upper right), and statistical combination of the two (lower)
channels. The background-only hypothesis is consistent with the observed limits within two
sigma.
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H → aa Searches
✦ Two recent results: H →a(µµ)a(ττ) and a(bb)a(ττ)


๏ ττ is looked for in the τhe, τhµ, eµ channels, and also 
τhτh for the first case

�18
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Figure 4: Upper limits at 95% CL on (sh/sSM)B(h ! aa ! 2µ2t), in the µµ + eµ (upper left),
µµ + eth (upper right), µµ + µth (middle left), µµ + thth (middle right) final states, and for the
combination of these final states (lower). The h ! aa ! 4t process is considered as a part of
the signal, and is scaled with respect to the h ! aa ! 2µ2t signal using Eq. (1).
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Figure 7: Expected and observed 95% CL limits on (s(h)/sSM)B(h ! aa ! 2t2b) in %. The
eµ results are shown in the top left panel, eth in the top right, µth in the bottom left, and the
combination in the bottom right. The inner (green) band and the outer (yellow) band indicate
the regions containing 68 and 95%, respectively, of the distribution of limits expected under the
background-only hypothesis.

C
M

S 
ar

Xi
v:

18
05

.1
01

91

C
M

S 
ar

Xi
v:

18
05

.0
48

65

a(µµ)a(ττ)

a(bb)a(ττ)

2016
2016



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- C

M
S 

 S
ea

rc
he

s 
H

ig
hl

ig
ht

s 
- C

ap
ri 

20
18

10 7 Results
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Figure 8: The observed and expected upper limits on the cross section for a spin-2 resonance
X ! H(bb̄)H(bb̄) at a 95% confidence level using data corresponding to an integrated lumi-
nosity of 35.9 fb�1 at

p
s =13 TeV using the asymptotic CLS method. Theoretical cross section

for the Bulk KK-Graviton, with k/MPl =0.5, kl =35, decaying to four b jets via Higgs bosons is
overlaid. The transition between LMR and MMR is based on the expected sensitivity, resulting
in the observed discontinuity.
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Figure 9: The observed and expected upper limits on the cross section for a spin-0 resonance
X ! H(bb̄)H(bb̄) at a 95% confidence level using data corresponding to an integrated lumi-
nosity of 35.9 fb�1 at

p
s =13 TeV using the asymptotic CLS method. Theoretical cross section

for the radion, with L = 3 TeV, kl =35, and no radion-Higgs boson mixing, decaying to four
b jets via Higgs bosons is overlaid. The transition between LMR and MMR is based on the
expected sensitivity, resulting in the observed discontinuity.

HH Resonance Searches
✦ Two new CMS HH resonance searches: in the fully-

resolved and semi-resolved bbbb channel:

๏ Probe both spin-0 radion and spin-2 bulk graviton 

models

�19

6. Results 13

6 Results
The search for a resonance X decaying to HH ! bbbb with two boosted H jets [25] is com-
plemented with this analysis, covering the semi-resolved topology involving one boosted H jet
and one resolved H ! bb decay reconstructed using two b jets. The signal HH production is
searched for as an excess of events in the mJjj,red spectra of the different signal event categories,
as discussed in Section 4. The binned mJjj,red distributions of the signal and the background are
fitted to the data (Figs. 3 (right)) using the asymptotic approximation of the modified frequen-
tist approach for confidence levels, taking the profile likelihood as a test statistic [68–70]. The
systematic uncertainties are treated as nuisance parameters and are profiled in the likelihood
maximization. Upper limits at 95% confidence level are set on the product of the production
cross section and the branching fractions s(pp ! X)B(X ! bbbb) . The uncertainties on the
estimated background after the fit to the data are reduced by up to 5%, depending on the value
of mJjj,red.

Results are obtained using a statistical combination of the semi-resolved and fully-merged
event categories for the bulk graviton having a mass between 0.75–2 TeV, and a radion with a
mass between 0.75-1.6 TeV. Above these mass ranges, the inclusion of the semi-resolved events
does not improve the search sensitivity appreciably. The limits on s(pp ! X)B(X ! bbbb)
are depicted in Fig. 4, and tabulated in Tables 5 and 6 for the bulk graviton and the radion,
respectively. The limits for mX > 2 TeV for the bulk graviton, and mX > 1.6 TeV for the radion
are those from the fully-merged analysis of Ref. [25].

For the interpretation of the results, this paper uses the scenario of Ref. [71] to describe a KK
graviton, where the propagation of SM fields is allowed in the bulk, and follows the character-
istics of the SM gauge group, with the right-handed top quark localized near the TeV brane.
The radion is an additional element of WED models that is needed to stabilize the size of the
extra dimension l. The theoretical cross sections for s(pp ! X)B(X ! bbbb) are calculated
using k/MPl = 0.5 for the bulk gravitons and LR = 3 TeV for the radions, of different masses.
For these values of k/MPl and LR, the branching fractions B(X ! bbbb) are 10% and 23%, for
the graviton and the radion, respectively [72]. As shown in Fig. 4 (right), a radion having a
mass between 1 and 1.5 TeV is excluded at 95% confidence level for LR = 3 TeV.
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Figure 4: The upper limits for a bulk graviton (left) and radion (right), combining the fully-
merged selection and the semi-resolved selection (where the events used in the fully-merged
analysis are not considered in the semi-resolved analysis). The inner (green) and the outer (yel-
low) bands indicate the regions containing the 68% and 95%, respectively, of the distribution of
limits expected under the background-only hypothesis. The theoretical prediction is shown as
the blue line.
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Search for Diphoton Resonances
✦ Search for narrow resonances and non-resonant phenomena in 

the diphoton mass spectrum

✦ Limits on spin-0 and spin-2 resonances; RS gravitons w/ k/MPl 

= 0.1 are excluded below 2.25 TeV

✦ Also set non-resonant limits: ADD MS > 5.6-9.7 TeV and first 

limits on the parameters k, M5 of a continuum clockwork 
model [Giudice et al., arXiv:1711.08437]

�20

10

search. Systematic uncertainties on the signal shape from PDFs are treated in the same manner
as the background by separately varying the 26 eigenvectors. These uncertainties are assumed
to be 100% correlated between the signal and the background. The effect of the PDF uncertain-
ties on the normalization of the signal is, following convention, neglected.

7 Results
7.1 Results of the search for resonant excesses

The mgg distribution of the selected diphoton events is shown in Fig. 2. The background
parametrization obtained through an unbinned maximum likelihood fit to the selected events,
is shown. This parametric form corresponds to the one chosen to model the background in the
hypothesis tests, as detailed in Section 5.

Ev
en

ts
 / 

20
 G

eV

1

10

210

310

Data
Fit model

 1 s.d.±
 2 s.d.±

EBEB

 (GeV)γγm
500 1000 1500 2000 2500 3000

st
at

σ
(d

at
a-

fit
)/

-2

0

2

 (13 TeV)-135.9 fbCMS Preliminary

Ev
en

ts
 / 

20
 G

eV

1

10

210

310 Data
Fit model

 1 s.d.±
 2 s.d.±

EBEE

 (GeV)γγm
500 1000 1500 2000 2500 3000

st
at

σ
(d

at
a-

fit
)/

-2

0

2

 (13 TeV)-135.9 fbCMS Preliminary

Figure 2: Observed invariant mass spectra for the EBEB (left) and EBEE (right). The results of a
likelihood fit to the background-only hypothesis are also shown. The shaded regions show the
1 and 2 standard deviation uncertainty bands associated with the fit, and reflect the statistical
uncertainty of the data. The lower panels show the difference between the data and fit, divided
by the statistical uncertainty in the data points.

The results of the search are interpreted in the framework of a composite statistical hypoth-
esis test. A simultaneous fit to the invariant mass spectra of the EBEB and EBEE event cat-
egories is used to study the compatibility of the data with the background-only and the sig-
nal+background hypotheses.

The test statistics used in the hypothesis tests are based on the profile likelihood ratio:

q(µ) = �2 log
L(µ · S + B|q̂µ)

L(µ̂ · S + B|q̂)
(4)

where S and B are the probability density functions for the resonant diphoton production pro-
cess and the SM background, respectively; µ is the so-called “signal strength” parameter; and
q are the nuisance parameters of the model used to account for the associated systematic un-
certainties. The x̂ notation indicates the best-fit value of the parameter x, while the notation x̂y

denotes the best-fit value of x, conditionally on y.

7. Results 11

To set upper limits on the resonant diphoton production rate, the modified frequentist method,
commonly known as CLs [42, 43], is used following the prescription described in Ref. [44].
Asymptotic formulas [45] are used in the calculations of limits.

Expected and observed upper limits on the production of scalar and RS graviton resonances are
shown in Fig. 3. Using the LO cross sections from PYTHIA 8.2, RS gravitons with masses below
2.0, 4.0, and 4.35 TeV can be excluded for k̃ = 0.01, 0.1, and 0.2, respectively, corresponding to
G/m = 1.4 ⇥ 10�4, 1.4 ⇥ 10�2, and 5.6 ⇥ 10�2.
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Figure 3: Expected and observed upper limits for RS graviton (left) and gluon-fusion-
produced spin-0 (right) resonances of the three width hypotheses considered in the analysis.

Limits can also be set, in a model independent fashion, on the fiducial cross section for the
resonant pp ! gg process. The signal shape is modeled in the same way as for the benchmark
models while the signal normalization only accounts for the detector efficiency and not for any
particular signal acceptance. The fiducial volume is defined by selecting events in which both
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Figure 6: The exclusion limit for the continuous graviton model in the clockwork framework
over the k–M5 parameter space. The shaded region denotes where the theory becomes nonper-
turbative.

limits have been extracted as a function of the diphoton invariant mass for any resonant gg
production process. These results extend the sensitivity of the previous search performed with
the CMS experiment [14] and are compatible with those reported by the ATLAS Collaboration
in Ref. [13]. In the large extra dimension scenario, exclusion limits on the mass scale are set
in the range 5.6 < MS < 9.7 TeV, depending on the specific model convention. These results
extend the current best lower limits on MS as presented in Ref. [13]. The first exclusion limits
are also set in the two-dimensional parameter space of the continuum clockwork model.
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W'(lv) Search
✦ Analyses based on 2016 CMS data


๏ Use standard techniques well-
tested in earlier reincarnations of 
the analyses


๏ Limits on sequential W' reach  
~5 TeV; also limits on UED, RPV 
SUSY

�22

CMS arXiv:1803.11133

3.1 Sequential standard model W0 boson 3

Figure 1: Production and decay of a new heavy boson, an SSM W0 or a WKK (left). The coupling
strength, g, may vary. In RPV SUSY, a tau slepton (et) could also act as a mediator (right) with
corresponding l couplings for the decay that are different for the two final states, denoted by
l231 and l132 for the electron and muon final states, respectively.

3.1 Sequential standard model W0 boson

The SSM [4] has been used as a benchmark model for experimental W0 boson searches for
more than two decades. The Feynman diagram for the production and decay of a W0 boson is
depicted in Fig. 1 (left). In accordance with previous analyses, no interference with the SM W
boson is considered.

In the SSM, the W0 boson is considered to be a heavy analogue of the SM W boson, with similar
decay modes and branching fractions. These are modified by the presence of the tb decay
channel, which opens up for W0 boson masses above 180 GeV. Dedicated searches in the tb
channel are described in Refs. [20–22]. For this search, the given assumptions yield a predicted
branching fraction (B) of about 8.5% for each of the leptonic channels studied. The width of
a 1 TeV W0 boson would be about 33 GeV. Decays of the W0 boson via WZ are assumed to be
suppressed. Dedicated searches for these decays can be found in Refs. [23, 24].

The signature of a W0 boson is a Jacobian peak in the transverse mass distribution, similar to
that of the SM W boson, but at a higher mass. Because of constraints from the parton distribu-
tion functions (PDF) the phase space for production of very massive W0 bosons in pp collisions
at 13 TeV is reduced, leading to a large fraction of such W0 bosons being produced off-shell, at
lower masses.

The simulation of data samples in the SSM is performed at leading order (LO) with PYTHIA
8.212 [25], using the NNPDF2.3 PDF set [26, 27] and tune CUETP8M1 [28]. The simulated
masses range from 400 GeV to 6 TeV, where the lower mass matches the beginning of the sen-
sitive region as determined by the trigger thresholds. A W0 boson mass-dependent K-factor is
used to correct for next-to-next-to-leading order (NNLO) QCD multijet cross sections, calcu-
lated using FEWZ 3.1 [29, 30]. The K-factor varies from 1.363 to 1.140.

3.2 Varying coupling strength

The W0 boson coupling strength, gW0 , is usually given in terms of the SM weak coupling
strength gW. If the W0 is a copy of the SM W boson, their coupling ratio is gW0/gW = 1 and the
SSM W0 theoretical cross sections, signal shapes, and widths apply. However, different cou-
plings are possible. Because of the dependence of the width of a particle on its coupling, and
the consequent effect on the MT distribution, a limit can also be set on the coupling strength.
For this study, signal samples for a range of coupling ratios, gW0/gW = 10�2 to 3, are simu-
lated in LO with MADGRAPH 5 (v1.5.11) [31]. These signals exhibit different widths as well as
different cross sections. The generated distributions of the PYTHIA samples are reweighted to
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Figure 6: Expected (dashed line) and observed (solid line) 95% CL limits on the product of the
cross section and branching fraction, in the SSM W0 model (left) and the model-independent
interpretation (right). Shown are the combination of the electron and muon channels, with the
shaded bands corresponding to one and two standard deviations (s.d.). For comparison, the
results from Ref. [9] for the regions investigated in 2015 are shown as dotted lines.

the exclusion limit on the coupling strength gW0/gW as a function of the W0 mass, as shown in
Fig. 7. Everything above the experimental limit is excluded. For low masses, weak couplings
down to nearly 10�2 are excluded.
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nels. The area above the limit line is excluded. The shaded bands represent the one and two
standard deviation (s.d.) uncertainty bands. The SSM W0 couplings are shown as a dotted line.

8.5 Interpretation in the split-UED model

The UED model is parameterized by the quantities R and µ, which are the radius of the extra
dimension and the bulk mass parameter of the fermion field in five dimensions. The lower
limits on the mass for n = 2 can be directly translated from the SSM W0 limit into bounds on
the split-UED parameter space (1/R, µ), as the signal shape and signal efficiency are identical
to the SSM W0 signal. The split-UED limits are displayed in Fig. 8, separately for each channel
as well as the combination. The observed experimental limits on the inverse radius of the extra
dimension R are 2.8 TeV (electrons) and 2.75 TeV (muons) at µ ⇡ 10 TeV. For the combination,
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Figure 9: Observed (solid line) and expected (dashed line) exclusion limits for different cou-
plings in the model with a t slepton as a mediator. The couplings l

0
3ij, l231, and l132 are de-

fined in Fig. 1. Results are shown for the final states consisting of e + nµ on the left and µ + ne
on the right.

These results are presented in a model-independent form, making possible their interpretation
in a number of other models. An example of this application is given using a supersymmetric
model with R-parity violation, and a tau slepton mediator with flavor-violating decays into
either e + nµ or µ + ne. Limits on the coupling strengths at the decay vertex have been derived
as a function of the mediator mass, for various values of the coupling at the production vertex
l

0
3ij.
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8.5 Interpretation in the split-UED model

The UED model is parameterized by the quantities R and µ, which are the radius of the extra
dimension and the bulk mass parameter of the fermion field in five dimensions. The lower
limits on the mass for n = 2 can be directly translated from the SSM W0 limit into bounds on
the split-UED parameter space (1/R, µ), as the signal shape and signal efficiency are identical
to the SSM W0 signal. The split-UED limits are displayed in Fig. 8, separately for each channel
as well as the combination. The observed experimental limits on the inverse radius of the extra
dimension R are 2.8 TeV (electrons) and 2.75 TeV (muons) at µ ⇡ 10 TeV. For the combination,
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W'(τν) Search
✦ Similar search in a challenging τhν channel


๏ Sensitive to W' preferentially coupled to third-generation particles

✦ Set limits on SM-like W' and on W' in NUGIM G(221) model

�23

6

events are rejected if they contain a loosely identified electron with pT > 20 GeV and |h| < 2.5.
For similar reasons, events containing a loosely identified muon with pT > 20 GeV and |h| <
2.4 are not considered in this analysis.

500 1000 1500 2000 2500 3000

Ev
en

ts
/8

0 
G

eV

2−10

1−10

1

10

210

310

410

510 CMS
Preliminary

 (13 TeV)-135.9 fb

Data

SSM W' 0.6 TeV

SSM W' 1.0 TeV

SSM W' 4.0 TeV

SSM W' 5.0 TeV

W+jets
)+jetsννZ(

Multijet
tt

Single t

)+jetsllZ(
Diboson

 (GeV)TM
500 1000 1500 2000 2500 3000

M
C

D
AT

A

0
0.5

1
1.5

2

500 1000 1500 2000 2500 3000

T
Ev

en
ts

/8
0 

G
eV

 in
te

gr
at

ed
 b

ey
on

d 
M

2−10

1−10

1

10

210

310

410

510 CMS
Preliminary

 (13 TeV)-135.9 fb

Data

SSM W' 0.6 TeV

SSM W' 1.0 TeV

SSM W' 4.0 TeV

SSM W' 5.0 TeV

W+jets
)+jetsννZ(

Multijet
tt

Single t

)+jetsllZ(
Diboson

 

 (GeV)TM
500 1000 1500 2000 2500 3000

M
C

D
AT

A

0
0.5

1
1.5

2

Figure 3: The MT distribution after the final selection (left). The black points with error bars
show data, while the filled histograms represent the SM backgrounds. Signal examples for SSM
W0 bosons with masses of 0.6, 1.0, 4.0, and 5.0 TeV are shown with the open histograms. The
integral transverse mass distribution (right), where the value in each bin is equal to the number
of events with transverse mass equal to or greater than the left of the bin. The lower panels
show the ratio of data to prediction, and the gray band represents the systematic uncertainties.

After all selections, the transverse mass distributions for the observed data and expected back-
ground events are presented in Fig. 3 (left). Figure 3 (right) shows the integral distribution,
which is formed by filling each bin of the histogram with the sum of that bin and all following
bins. The systematic uncertainties, which are detailed in Section 7, are illustrated as a grey
band in the lower panels of the plots. The product of the signal efficiency and acceptance for
SSM W0 ! tn events depends on the W0 boson mass. The total signal efficiency for the studied
range of MT > 300 GeV increases from 14% to about 24% for MW0 from 1 to 3 TeV. For higher
W0 boson masses, events shift to lower MT because of the increasing fraction of off-shell pro-
duction (as shown in Fig. 3 for a few signal mass points). For example, for a W0 boson with a
mass of 5 TeV, the total signal efficiency is around 17%. Within a ±25% mass range around the
MW0 the efficiency of SSM W0 is around 5% for MW0 = 1 TeV, 5% for MW0 = 3 TeV, and 2% for
MW0 = 5 TeV. The trigger threshold affects the signal efficiency in the low-mass range. These
efficiency values are obtained by assuming W0 ! tn branching fraction to be unity, and the
efficiency values are computed on simulated events where the t lepton decays hadronically.

The dominant background is from the off-shell tail of MT distribution of the SM W boson and
are also obtained from simulation. The background contribution from Z(! nn)+jets and QCD
multijet events is obtained from simulation. These backgrounds primarily arise as a conse-
quence of jets misidentified as th candidates. The contribution of QCD multijet background
is small compared to Z(! nn)+jets in the signal region. Following the strategy in Ref. [47],

8. Results 9

performed for different values of parameters of each signal, to obtain limits in terms on these
parameters, such as the W0 boson mass.

To determine a model-independent upper limit on the product of the cross section and branch-
ing fraction, all events above a threshold M

min
T are summed. From the number of background

events, signal events, and observed data events, the cross section limit can be calculated. The
resulting limit can be reinterpreted for other models with a th and p

miss
T in the final state.

8.2 The SSM W
0

The parameter of interest is the product of the signal cross section and the branching fraction,
s ⇥ B(W0 ! tn). The branching fraction includes all t lepton decay modes, to allow a direct
comparison to the W0 searches in the electron and muon channels [53].
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Figure 4: Expected (black dashed line) and observed (black solid line) 95% CL upper cross
section limits for an SSM W0 boson. The shaded bands represent the one and two standard
deviation (s.d.) uncertainty bands. The NNLO theoretical cross section with the corresponding
PDF uncertainty band is also shown.

The upper limit on s ⇥ B(W0 ! tn) as a function of the SSM W0 boson mass is shown in Fig. 4.
The observed limit is consistent with the expected. The SSM W0 boson is excluded for masses
0.4 < MW0 < 4.0 TeV at 95% CL where the lower limit is mainly driven by the trigger threshold
and the upper one by the available data. The best limit on SSM W0 boson is 5.2 TeV, which is
obtained from the combination of electron and muon channels [9, 54].

8.3 Limits on the coupling strength

The upper limits on the cross section depend not only on the mass of a potential excess, but
also on the width. Due to the relation between the coupling of a particle and its width, a
limit can also be set on the coupling strength. In order to compute the limit for couplings
gW0/gW 6= 1, reweighted samples are used that take into account the appropriate signal width
and the differences in reconstructed MT shapes. For gW0/gW = 1 the theoretical LO cross
sections apply. For a given mass, the cross section limit as a function of the coupling strength
gW0/gW is determined.

For each simulated W0 boson mass, the excluded cross section is determined from the intersec-
tion of the theoretical cross section curve with the observed cross section limit. The resulting
intersection points provide the input for the exclusion limit in a two-dimensional plane made of
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Figure 5: Expected (black dashed line) and observed (black solid line) 95% CL upper limits
on the ratio of couplings as a function of the W0 boson mass. The values above the limit are
excluded. The shaded bands represent the one and two standard deviation (s.d.) uncertainty
bands.

the coupling strength, gW0/gW, and the W0 boson mass, MW0 , as depicted in Fig. 5. Everything
above the observed limit contour is excluded. For low masses, gW0/gW values down to 7 ⇥ 10�2

are excluded. The mass limit for gW0/gW = 1 does not exactly correspond to SSM mass limit
obtained in Fig. 4 because of the artefacts of reweighting procedure, where the reweighting
factors are obtained at the generator level using MADGRAPH samples and applied to PYTHIA
samples. The reweighted MT distributions are not exactly same as the MT distributions that
would be obtained from fully reconstructed samples. This leads to a slight difference in mass
limit, which is however within the 1s uncertainty band.

8.4 The NUGIM limits

In the NUGIM G(221), the ratio of the couplings gW0/gW is related to the parameter cot qE by
equation 1. The NUGIM parameter cot qE can thus be extracted for each value of gW0/gW.
Based on the limits on coupling strengths presented in Fig. 5, the two-dimensional limit on the
NUGIM mixing parameter cot qE is derived as a function of the W0 boson mass. The width of
the W0 boson, in Fig. 6 (left), becomes too large and for cot qE > 6.5 the model is no longer
valid. The limit, shown in Fig. 6 (right), focuses on the parameter space cot qE � 1 where the th
channel sets the most stringent bounds, as illustrated in Fig. 2. For lower values of cot qE, other
channels are more sensitive. Depending on the value of cot qE, the mass of the W0 boson can be
excluded at 95% CL up to 3.9 TeV in the NUGIM G(221).

8.5 The model-independent cross section limit

The shape analysis assumes a certain signal shape in MT. However, new physics processes
yielding a th+p

miss
T final state could cause an excess of a different shape. A model-independent

cross section limit is determined using a single bin ranging from a lower threshold on MT to
infinity. No assumptions on the shape of the signal MT distribution have to be made other
than that of a flat product Ae of acceptance and efficiency as a function of W0 mass. In order to
determine any limit for a specific model from the model-independent limit shown here, only
the model-dependent part of the efficiency needs to be applied. The experimental efficiencies
for the signal are already taken into account, including the effect of the kinematic selection of
events containing th and p

miss
T (the cuts on pT/p

miss
T and Df), the geometrical acceptance (cut
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Figure 6: Left: The width of the W0 boson as a function of MW0 and mixing angle cot qE in
NUGIM, as obtained from Ref. [25]. Right: Expected (black dashed line) and observed (black
solid line) 95% CL upper limits on the mixing angle cot qE as a function of the W0 boson mass.
The region left of the solid line is excluded. The shaded bands represent the one and two
standard deviation (s.d.) uncertainty bands.

on h), and the trigger threshold.

A factor fMT that reflects the effect of the threshold M
min
T on the signal is determined by count-

ing the events with MT > M
min
T and dividing it by the number of generated events. The

reconstruction efficiency is nearly constant over the whole MT range probed here, therefore
fMT can be evaluated at generator level. A limit on the product of the cross section and branch-
ing fraction (sBAe)excl can be obtained by dividing the excluded cross section of the model-
independent limit (sBAe)MI given in Fig. 7 by the calculated fraction fMT(M

min
T ):

(sBAe)excl =
(sBAe)MI(M

min
T )

fMT(M
min
T )

Here, B is the branching fraction of the new particle decaying to t+ n. Models with a theoretical
cross section (sB)theo larger than (sB)excl can be excluded. The procedure described here can
be applied to models that exhibit back-to-back kinematics similar to those of a generic W0,
which is a reasonable assumption for a two-body decay of a massive state. If the kinematic
properties are different, the fraction of events fMT(M

min
T ) needs to be determined for the model

considered.

The resulting cross section limit as a function of M
min
T is shown in Fig. 7. The highest MT event

in data was found at 1.65 TeV, after which the limit becomes flat. The results depend strongly
on the threshold M

min
T . Cross section values sBAe between 50 fb (M

min
T > 400 GeV) and 0.4 fb

(M
min
T > 2 TeV) are excluded for the M

min
T thresholds given in brackets.

9 Summary
A search for new physics in final states with a hadronically decaying t lepton and missing
transverse momentum is performed by the CMS experiment, using proton-proton collision
data at the center-of-mass energy

p
s = 13 TeV with an integrated luminosity of 35.9 fb�1. No

significant excess beyond the standard model expectation is observed in the transverse mass
distribution. A sequential standard model (SSM) W0 boson is excluded in the mass range
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Soft OS Dilepton SUSY Search
✦ Could also require 2 OS dileptons (5 < pT < 30 GeV) via dedicated trigger

✦ Sensitive to EW SUSY and direct stop production in small mass splitting 

scenarios

�24

2 3 Object reconstruction

the NNPDF3.0NLO [16] PDFs. Showering and hadronization is carried out by the PYTHIA 8.2
package [23], while a detailed simulation of the CMS detector is based on the GEANT4 [24]
package. A fast detector simulation [25] is used to produce large signal samples corresponding
to different sparticle masses, the so-called “signal scans”.
Neutralino-chargino (ec0

2-ec±
1 ) pair production is considered for the electroweakino scan. The

ec0
2 and ec±

1 are assumed to decay to the LSP via virtual Z⇤ and W⇤ bosons. For the virtual Z⇤

boson the SM branching ratios for decays to the different fermions as a function of the maximal
fermion pair mass M( f f ) are applied. The maximal M( f f ) is the mass difference between ec0

2
and ec0

1. The simulation of the ec0
2 decay takes the Breit-Wigner shape of the Z boson into account.

The production cross sections used correspond to those for pure Wino production.
The second scan simulateset-pair production, where eachet decays to `nbec0

1. The mass difference
betweenet and ec0

1 is less than 90 GeV. The branching ratios to leptons are set equal to those for
top quark decays and the et decay length is set to zero1. Figure 1 illustrates the signal models
considered.
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Figure 1: Left: electroweakino pair production. Right: et four-body decay. The model used to
interpret the results represents a simplified version of the four body decay in which the top
quark decay width is neglected.

3 Object reconstruction

The physics objects used in the analysis are reconstructed and selected using CMS standard
algorithms and requirements. The effects of the contributions from additional proton-proton
interactions within the same or neighboring bunch crossings (pileup) are mitigated using pri-
mary vertex selection and other methods described in the following.

Primary vertices are identified using tracks clustered with the deterministic annealing algo-
rithm. The reconstructed primary vertex is chosen as the vertex with the largest quadratic sum
of the pT of its constituent tracks. Additionally, this vertex needs to be within 24 cm from the
center of the detector in the z direction and within 2 cm on the plane transverse to the beam
line.

Leptons are reconstructed using the CMS particle-flow (PF) algorithm [27] and their pT and
pseudorapidity (h) are required to be inside the trigger acceptance and within the boundaries
of the inner tracker. The leading muon (electron) is thus required to satisfy pT > 5, |h| < 2.4
(|h| < 2.5). An upper cut of pT < 30 GeV on the leading lepton is also applied; this limit is
identified as the pT value below which the current analysis is more sensitive in excluding the

1In full SUSY models, the suppression of the four body decay at small DM (< 30 GeV) leads to displaced ver-
tices [26]. This effect is not taken into account in the current search: all particles are assumed to decay promptly
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package [36], while a detailed simulation of the CMS detector is based on the GEANT4 [37]
package. A fast detector simulation [38] is used for large samples of signal corresponding to
different sparticle masses, the so-called “signal scans”.

We consider a mass scan for neutralino-chargino (ec0
2-ec±

1 ) pair production where the ec0
2 and ec±

1
are assumed to decay to the LSP via virtual Z⇤ and W⇤ bosons. For the virtual Z⇤ boson, the SM
branching fractions for decays to the different fermions are assumed. These branching fractions
are a function of the maximal fermion pair mass M( f f ), which is the mass difference between
ec0

2 and ec0
1. The simulation of the ec0

2 decay takes the Breit-Wigner of the Z boson into account.
The production cross sections used correspond to those for pure Wino production [39, 40]. The
second scan simulates a simplified model ofet-pair production, in which the chargino mediates
the decay of theet into leptons and ec0

1, namelyet ! ec±
1 b followed by ec±

1 ! ec0
1W

⇤. The mass of
the ec±

1 is set to (Met + Mec0
1
)/2 and the mass difference betweenet and ec0

1 is set to be less than 90
GeV. Figure 1 illustrates the signal models considered.
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Figure 1: Left: electroweakino pair production and decay. Right: chargino-mediated et pair
production and decay.

4 Object reconstruction

The physics objects used in the analysis are reconstructed and selected using CMS particle flow
(PF) algorithms [41] and requirements. The PF algorithm reconstructs individual particles by
combining information from all sub-detector systems. The difficulties in reconstructing the
event of interest, due to the average number of interactions per bunch crossing (pileup), are
mitigated using a primary vertex selection and other methods described below.

Primary vertices are identified using tracks clustered with the deterministic annealing algo-
rithm [42]. The reconstructed primary vertex is chosen as the vertex with the largest quadratic
sum of the pT of its constituent tracks. Additionally, this vertex needs to be within 24 cm from
the center of the detector in the z direction and within 2 cm on the plane transverse to the beam
line.

Leptons are required to have pT and h inside the trigger acceptance and within the boundaries
of the inner tracker. The leading muon (electron) is thus required to satisfy pT > 5 GeV, |h| <
2.4 (|h| < 2.5). An upper requirement of pT < 30 GeV on the leading lepton is also applied;
this threshold is identified as the pT value below which the current analysis is more sensitive in
excluding the benchmarks in the compressed regions, compared to other analyses in CMS. In
order to further increase the sensitivity to the compressed regime, in some parts of the analysis
the lower threshold on the pT of the subleading muon is set to 3.5 GeV.

Muons are required to pass soft muon identification criteria [43] and to be isolated within a
cone in h � f space of radius DR =

p
Dh2 + Df2 < 0.3: the sum of the transverse momenta
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Figure 6: The observed 95% CL exclusion contours (black curves) assuming the NLO+NLL
cross sections, with the variations corresponding to the uncertainty in the cross section for et.
The dashed (red) curves present the 95% CL expected limits with the band covering 68% of the
limits in the absence of signal. A simplified model of the et pair production, followed by the
et ! bec±

1 and the subsequent ec±
1 ! W⇤ ec0

1 decay is used for the et search. In this latter model,
the mass of the ec±

1 is set to be (met + mec0
1
)/2.
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Soft OS Dilepton SUSY Search
✦ Could also require 2 OS dileptons (5 < pT < 30 GeV) via dedicated trigger

✦ Sensitive to EW SUSY and direct stop production in small mass splitting 

scenarios

�24

2 3 Object reconstruction

the NNPDF3.0NLO [16] PDFs. Showering and hadronization is carried out by the PYTHIA 8.2
package [23], while a detailed simulation of the CMS detector is based on the GEANT4 [24]
package. A fast detector simulation [25] is used to produce large signal samples corresponding
to different sparticle masses, the so-called “signal scans”.
Neutralino-chargino (ec0

2-ec±
1 ) pair production is considered for the electroweakino scan. The

ec0
2 and ec±

1 are assumed to decay to the LSP via virtual Z⇤ and W⇤ bosons. For the virtual Z⇤

boson the SM branching ratios for decays to the different fermions as a function of the maximal
fermion pair mass M( f f ) are applied. The maximal M( f f ) is the mass difference between ec0

2
and ec0

1. The simulation of the ec0
2 decay takes the Breit-Wigner shape of the Z boson into account.

The production cross sections used correspond to those for pure Wino production.
The second scan simulateset-pair production, where eachet decays to `nbec0

1. The mass difference
betweenet and ec0

1 is less than 90 GeV. The branching ratios to leptons are set equal to those for
top quark decays and the et decay length is set to zero1. Figure 1 illustrates the signal models
considered.

P1

P2

�̃±
1

�̃0
2

W

Z

�̃0
1

�̃0
1

P1

P2
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Figure 1: Left: electroweakino pair production. Right: et four-body decay. The model used to
interpret the results represents a simplified version of the four body decay in which the top
quark decay width is neglected.

3 Object reconstruction

The physics objects used in the analysis are reconstructed and selected using CMS standard
algorithms and requirements. The effects of the contributions from additional proton-proton
interactions within the same or neighboring bunch crossings (pileup) are mitigated using pri-
mary vertex selection and other methods described in the following.

Primary vertices are identified using tracks clustered with the deterministic annealing algo-
rithm. The reconstructed primary vertex is chosen as the vertex with the largest quadratic sum
of the pT of its constituent tracks. Additionally, this vertex needs to be within 24 cm from the
center of the detector in the z direction and within 2 cm on the plane transverse to the beam
line.

Leptons are reconstructed using the CMS particle-flow (PF) algorithm [27] and their pT and
pseudorapidity (h) are required to be inside the trigger acceptance and within the boundaries
of the inner tracker. The leading muon (electron) is thus required to satisfy pT > 5, |h| < 2.4
(|h| < 2.5). An upper cut of pT < 30 GeV on the leading lepton is also applied; this limit is
identified as the pT value below which the current analysis is more sensitive in excluding the

1In full SUSY models, the suppression of the four body decay at small DM (< 30 GeV) leads to displaced ver-
tices [26]. This effect is not taken into account in the current search: all particles are assumed to decay promptly
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package [36], while a detailed simulation of the CMS detector is based on the GEANT4 [37]
package. A fast detector simulation [38] is used for large samples of signal corresponding to
different sparticle masses, the so-called “signal scans”.

We consider a mass scan for neutralino-chargino (ec0
2-ec±

1 ) pair production where the ec0
2 and ec±

1
are assumed to decay to the LSP via virtual Z⇤ and W⇤ bosons. For the virtual Z⇤ boson, the SM
branching fractions for decays to the different fermions are assumed. These branching fractions
are a function of the maximal fermion pair mass M( f f ), which is the mass difference between
ec0

2 and ec0
1. The simulation of the ec0

2 decay takes the Breit-Wigner of the Z boson into account.
The production cross sections used correspond to those for pure Wino production [39, 40]. The
second scan simulates a simplified model ofet-pair production, in which the chargino mediates
the decay of theet into leptons and ec0

1, namelyet ! ec±
1 b followed by ec±

1 ! ec0
1W

⇤. The mass of
the ec±

1 is set to (Met + Mec0
1
)/2 and the mass difference betweenet and ec0

1 is set to be less than 90
GeV. Figure 1 illustrates the signal models considered.
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Figure 1: Left: electroweakino pair production and decay. Right: chargino-mediated et pair
production and decay.

4 Object reconstruction

The physics objects used in the analysis are reconstructed and selected using CMS particle flow
(PF) algorithms [41] and requirements. The PF algorithm reconstructs individual particles by
combining information from all sub-detector systems. The difficulties in reconstructing the
event of interest, due to the average number of interactions per bunch crossing (pileup), are
mitigated using a primary vertex selection and other methods described below.

Primary vertices are identified using tracks clustered with the deterministic annealing algo-
rithm [42]. The reconstructed primary vertex is chosen as the vertex with the largest quadratic
sum of the pT of its constituent tracks. Additionally, this vertex needs to be within 24 cm from
the center of the detector in the z direction and within 2 cm on the plane transverse to the beam
line.

Leptons are required to have pT and h inside the trigger acceptance and within the boundaries
of the inner tracker. The leading muon (electron) is thus required to satisfy pT > 5 GeV, |h| <
2.4 (|h| < 2.5). An upper requirement of pT < 30 GeV on the leading lepton is also applied;
this threshold is identified as the pT value below which the current analysis is more sensitive in
excluding the benchmarks in the compressed regions, compared to other analyses in CMS. In
order to further increase the sensitivity to the compressed regime, in some parts of the analysis
the lower threshold on the pT of the subleading muon is set to 3.5 GeV.

Muons are required to pass soft muon identification criteria [43] and to be isolated within a
cone in h � f space of radius DR =

p
Dh2 + Df2 < 0.3: the sum of the transverse momenta
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Figure 6: The observed 95% CL exclusion contours (black curves) assuming the NLO+NLL
cross sections, with the variations corresponding to the uncertainty in the cross section for et.
The dashed (red) curves present the 95% CL expected limits with the band covering 68% of the
limits in the absence of signal. A simplified model of the et pair production, followed by the
et ! bec±

1 and the subsequent ec±
1 ! W⇤ ec0

1 decay is used for the et search. In this latter model,
the mass of the ec±

1 is set to be (met + mec0
1
)/2.
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tion of the chargino and neutralino masses, when the chargino undergoes a cascade decay
ec±

1 ! ˜̀n(`en) ! `nec0
1. The thick dashed red line shows the expected exclusion region in the

plane (mec±
1
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1
). The thin dashed red lines show the variation of the exclusion regions due

to the experimental uncertainties. The thick black line shows the observed exclusion region,
while the thin black lines show the variation of the exclusion regions due to the theoretical
uncertainties on the production cross section. Right: observed and expected upper limits at
95% CL as a function of the chargino mass for a neutralino mass of 1 GeV, assuming chargino
decays into a neutralino and a W boson (ec±

1 ! Wec0
1).
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EW Production: Dileptons
✦ Similar search in the dilepton channel, using MT2 to 

suppress dominant tt and WW background
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Figure 7: Left: upper limits at 95% CL on the chargino pair production cross section as a func-
tion of the chargino and neutralino masses, when the chargino undergoes a cascade decay
ec±

1 ! ˜̀n(`en) ! `nec0
1. The thick dashed red line shows the expected exclusion region in the

plane (mec±
1

, mec0
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). The thin dashed red lines show the variation of the exclusion regions due

to the experimental uncertainties. The thick black line shows the observed exclusion region,
while the thin black lines show the variation of the exclusion regions due to the theoretical
uncertainties on the production cross section. Right: observed and expected upper limits at
95% CL as a function of the chargino mass for a neutralino mass of 1 GeV, assuming chargino
decays into a neutralino and a W boson (ec±

1 ! Wec0
1).

1. Introduction 1

1 Introduction
The standard model (SM) has been able to describe particle physics phenomena with outstand-
ing precision up to date. However, the SM faces several issues, including the hierarchy problem
between the Higgs boson mass and the Planck scale, and the lack of a dark matter candidate
to explain cosmological observations [1–3]. Supersymmetry (SUSY) [4–11] is an extension of
the SM that assigns a fermion (boson) superpartner to every SM boson (fermion). This theory
can solve the hierarchy problem since the large quantum loop corrections to the Higgs boson
mass, due mainly to the top quark, can be compensated by the analogous corrections from
the top quark superpartner [12–15]. Moreover, if R-parity [16] is conserved, the lightest super-
symmetric particle (LSP) is stable and possibly massive, providing a good candidate for dark
matter.

This note presents a search for supersymmetric particle production in final states with two
oppositely charged (OC) leptons (`) and missing transverse momentum stemming from LSPs.
Only electrons (e) and muons (µ) are considered. The search targets two specific signal models
with chargino (ec±

1 ) and top squark (et ) pair production, using 35.9 fb�1 of data from proton-
proton (pp) collisions at a center-of-mass-energy of

p
s = 13 TeV collected by the CMS experi-

ment [17] at the CERN LHC.

The results are interpreted in terms of various simplified supersymmetric model spectra (SMS) [18–
20]. The search for chargino pair production considers, as reference, a model (Fig. 1, left) where
the charginos decay into a lepton, a neutrino (n), and the lightest neutralino (ec0

1) via an inter-
mediate slepton (ec±

1 ! n ˜̀ ! n`ec0
1) or sneutrino (ec±

1 ! `en ! `nec0
1). The three generations

of sleptons are assumed to be degenerate, with a mass equal to the average of the chargino
and neutralino masses. The branching fractions of the chargino decays into charged sleptons
or sneutrinos are assumed to be equal. Results are also interpreted in terms of a second model
(Fig. 1, right), where both charginos decay into the lightest neutralino and a W boson. Searches
for chargino pair production have been previously published by the CMS Collaboration in the
context of the former scenario using 8 TeV collision data [21] and by the ATLAS Collaboration
in the context of both scenarios using 8 [22–24] and 13 TeV collision data [25, 26].
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Figure 1: Diagrams of the chargino pair production in two possible decay modes: the left plot
shows decays through intermediate sleptons or sneutrinos, while the right one displays decays
into a W boson and the lightest neutralino.

The search for top squark pair production focuses on a SMS in which the top squark decays
into a top quark and the lightest neutralino as shown in Fig. 2 (left). The analysis strategy is
optimized for a compressed scenario where the mass difference between the top squark and
the lightest neutralino, Dm, lays between the top quark and W boson masses mW < Dm . mt.
In this regime, the top quarks are produced off-shell, giving rise to final states with relatively
soft bottom quarks and W bosons. Further interpretations of the results are given in terms of
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Figure 7: Left: upper limits at 95% CL on the chargino pair production cross section as a func-
tion of the chargino and neutralino masses, when the chargino undergoes a cascade decay
ec±

1 ! ˜̀n(`en) ! `nec0
1. The thick dashed red line shows the expected exclusion region in the

plane (mec±
1

, mec0
1
). The thin dashed red lines show the variation of the exclusion regions due

to the experimental uncertainties. The thick black line shows the observed exclusion region,
while the thin black lines show the variation of the exclusion regions due to the theoretical
uncertainties on the production cross section. Right: observed and expected upper limits at
95% CL as a function of the chargino mass for a neutralino mass of 1 GeV, assuming chargino
decays into a neutralino and a W boson (ec±

1 ! Wec0
1).
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✦ Similar search in the dilepton channel, using MT2 to 

suppress dominant tt and WW background
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Figure 7: Left: upper limits at 95% CL on the chargino pair production cross section as a func-
tion of the chargino and neutralino masses, when the chargino undergoes a cascade decay
ec±

1 ! ˜̀n(`en) ! `nec0
1. The thick dashed red line shows the expected exclusion region in the

plane (mec±
1

, mec0
1
). The thin dashed red lines show the variation of the exclusion regions due

to the experimental uncertainties. The thick black line shows the observed exclusion region,
while the thin black lines show the variation of the exclusion regions due to the theoretical
uncertainties on the production cross section. Right: observed and expected upper limits at
95% CL as a function of the chargino mass for a neutralino mass of 1 GeV, assuming chargino
decays into a neutralino and a W boson (ec±

1 ! Wec0
1).
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1 Introduction
The standard model (SM) has been able to describe particle physics phenomena with outstand-
ing precision up to date. However, the SM faces several issues, including the hierarchy problem
between the Higgs boson mass and the Planck scale, and the lack of a dark matter candidate
to explain cosmological observations [1–3]. Supersymmetry (SUSY) [4–11] is an extension of
the SM that assigns a fermion (boson) superpartner to every SM boson (fermion). This theory
can solve the hierarchy problem since the large quantum loop corrections to the Higgs boson
mass, due mainly to the top quark, can be compensated by the analogous corrections from
the top quark superpartner [12–15]. Moreover, if R-parity [16] is conserved, the lightest super-
symmetric particle (LSP) is stable and possibly massive, providing a good candidate for dark
matter.

This note presents a search for supersymmetric particle production in final states with two
oppositely charged (OC) leptons (`) and missing transverse momentum stemming from LSPs.
Only electrons (e) and muons (µ) are considered. The search targets two specific signal models
with chargino (ec±

1 ) and top squark (et ) pair production, using 35.9 fb�1 of data from proton-
proton (pp) collisions at a center-of-mass-energy of

p
s = 13 TeV collected by the CMS experi-

ment [17] at the CERN LHC.

The results are interpreted in terms of various simplified supersymmetric model spectra (SMS) [18–
20]. The search for chargino pair production considers, as reference, a model (Fig. 1, left) where
the charginos decay into a lepton, a neutrino (n), and the lightest neutralino (ec0

1) via an inter-
mediate slepton (ec±

1 ! n ˜̀ ! n`ec0
1) or sneutrino (ec±

1 ! `en ! `nec0
1). The three generations

of sleptons are assumed to be degenerate, with a mass equal to the average of the chargino
and neutralino masses. The branching fractions of the chargino decays into charged sleptons
or sneutrinos are assumed to be equal. Results are also interpreted in terms of a second model
(Fig. 1, right), where both charginos decay into the lightest neutralino and a W boson. Searches
for chargino pair production have been previously published by the CMS Collaboration in the
context of the former scenario using 8 TeV collision data [21] and by the ATLAS Collaboration
in the context of both scenarios using 8 [22–24] and 13 TeV collision data [25, 26].
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Figure 1: Diagrams of the chargino pair production in two possible decay modes: the left plot
shows decays through intermediate sleptons or sneutrinos, while the right one displays decays
into a W boson and the lightest neutralino.

The search for top squark pair production focuses on a SMS in which the top squark decays
into a top quark and the lightest neutralino as shown in Fig. 2 (left). The analysis strategy is
optimized for a compressed scenario where the mass difference between the top squark and
the lightest neutralino, Dm, lays between the top quark and W boson masses mW < Dm . mt.
In this regime, the top quarks are produced off-shell, giving rise to final states with relatively
soft bottom quarks and W bosons. Further interpretations of the results are given in terms of
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Figure 8: Combined limits at 95% CL between the single-lepton (1`) and all-hadronic (0`)
searches for the four-body decay (top) and the chargino-mediated decay (bottom) of the top
squark in the m(et1)–Dm(et1, ec0

1) plane. The correlations between the two searches have been
taken into account. The colour shading corresponds to the observed limit on the cross section.
The solid black (dashed red) lines show the observed (expected) mass limits, derived using the
expected top squark pair production cross section. The thick lines represent the central values
and the thin lines the variations due to the theoretical (experimental) uncertainties. The blue
and green dashed lines show the individual expected mass limits for the 1` and 0` searches,
respectively.
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Figure 8: Combined limits at 95% CL between the single-lepton (1`) and all-hadronic (0`)
searches for the four-body decay (top) and the chargino-mediated decay (bottom) of the top
squark in the m(et1)–Dm(et1, ec0

1) plane. The correlations between the two searches have been
taken into account. The colour shading corresponds to the observed limit on the cross section.
The solid black (dashed red) lines show the observed (expected) mass limits, derived using the
expected top squark pair production cross section. The thick lines represent the central values
and the thin lines the variations due to the theoretical (experimental) uncertainties. The blue
and green dashed lines show the individual expected mass limits for the 1` and 0` searches,
respectively.
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Search for 4-body Stop Decays
✦ For small mass splittings between stop and neutralino, expect 

4-body decays via virtual chargino and W boson

✦ Require at least one soft lepton (30 > pT > 3.5-5 GeV) and a 

hard ISR jet to aid the efficiency and triggering

✦ Background is dominated by diboson and W+jets production 

and determined using control regions in data

✦ Also sensitive to chargino-mediated stop decays

✦ Limits are further improved by combining with the all-hadronic 
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2 2 Detector and object definition
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Figure 1: Signal models for top squark pair production with subsequent four-body (left) or
chargino-mediated (right) decays.

The most recent result from CMS targeting the four-body decay in the single lepton final state
is [16] while the interpretation using the chargino-mediated decay is presented here for the
first time. The most recent ATLAS result studying similar SUSY parameter space in the single
lepton final state is [17]. Similar results were obtained also in all-hadronic final state [18] and
di-lepton final state [19].

2 Detector and object definition
The CMS detector has been described in detail in Ref. [20]. Its central feature is a supercon-
ducting solenoid that provides a homogeneous field of 3.8 T in a volume containing a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and
scintillator hadron calorimeter. Muons are measured in gas-ionization chambers embedded in
the steel flux-return yoke surrounding the solenoid. The acceptance of the silicon tracker and
the muon systems extends to pseudorapidities of |h| < 2.5 and < 2.4, respectively. The barrel
and endcap calorimeters cover the range |h| < 3.0 and are complemented by extensive forward
calorimetry. Events are selected for further analysis by a two-tier trigger system that uses cus-
tom hardware processors to make a fast initial selection, followed by a more detailed selection
executed on a dedicated processor farm.

The measurement of jets and p
miss
T is based on candidates reconstructed by the particle-flow

(PF) algorithm [21], which identifies leptons, photons, and charged and neutral hadrons by
combining information from all subdetectors. The PF candidates are clustered into jets by using
the anti-kT algorithm [22] with a distance parameter of 0.4. Jets are required to have pT >
30 GeV and |h| < 2.4, and to pass loose quality criteria [23] based on the energy fractions
associated with electromagnetically or hadronically interacting charged or neutral particles.
The negative vector sum of the transverse momenta of the PF candidates defines the value
of p

miss
T and the corresponding direction. Jet energies and p

miss
T are corrected for shifts in the

energy scale, contributions from additional, simultaneous proton-proton collisions (pileup),
and residual differences between data and simulation [24, 25]. Jets originating from b quarks
are identified (“tagged”) using the combined secondary vertex algorithm [26, 27] at a working
point corresponding to an efficiency of about 70% and a misidentification probability for light-
quark jets of about 1%. Hadronic decays of t leptons are identified using the “hadrons-plus-
strips” algorithm [28, 29].

Muons and electrons are required to have pT above 3.5 GeV and 5 GeV, respectively. Stan-
dard loose identification requirements [30, 31] are applied to reduce the background from non-
prompt leptons produced in semileptonic hadron decays and from jets misidentified as leptons.
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Figure 1: Signal models for top squark pair production with subsequent four-body (left) or
chargino-mediated (right) decays.

The most recent result from CMS targeting the four-body decay in the single lepton final state
is [16] while the interpretation using the chargino-mediated decay is presented here for the
first time. The most recent ATLAS result studying similar SUSY parameter space in the single
lepton final state is [17]. Similar results were obtained also in all-hadronic final state [18] and
di-lepton final state [19].

2 Detector and object definition
The CMS detector has been described in detail in Ref. [20]. Its central feature is a supercon-
ducting solenoid that provides a homogeneous field of 3.8 T in a volume containing a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and
scintillator hadron calorimeter. Muons are measured in gas-ionization chambers embedded in
the steel flux-return yoke surrounding the solenoid. The acceptance of the silicon tracker and
the muon systems extends to pseudorapidities of |h| < 2.5 and < 2.4, respectively. The barrel
and endcap calorimeters cover the range |h| < 3.0 and are complemented by extensive forward
calorimetry. Events are selected for further analysis by a two-tier trigger system that uses cus-
tom hardware processors to make a fast initial selection, followed by a more detailed selection
executed on a dedicated processor farm.

The measurement of jets and p
miss
T is based on candidates reconstructed by the particle-flow

(PF) algorithm [21], which identifies leptons, photons, and charged and neutral hadrons by
combining information from all subdetectors. The PF candidates are clustered into jets by using
the anti-kT algorithm [22] with a distance parameter of 0.4. Jets are required to have pT >
30 GeV and |h| < 2.4, and to pass loose quality criteria [23] based on the energy fractions
associated with electromagnetically or hadronically interacting charged or neutral particles.
The negative vector sum of the transverse momenta of the PF candidates defines the value
of p

miss
T and the corresponding direction. Jet energies and p

miss
T are corrected for shifts in the

energy scale, contributions from additional, simultaneous proton-proton collisions (pileup),
and residual differences between data and simulation [24, 25]. Jets originating from b quarks
are identified (“tagged”) using the combined secondary vertex algorithm [26, 27] at a working
point corresponding to an efficiency of about 70% and a misidentification probability for light-
quark jets of about 1%. Hadronic decays of t leptons are identified using the “hadrons-plus-
strips” algorithm [28, 29].

Muons and electrons are required to have pT above 3.5 GeV and 5 GeV, respectively. Stan-
dard loose identification requirements [30, 31] are applied to reduce the background from non-
prompt leptons produced in semileptonic hadron decays and from jets misidentified as leptons.
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Slepton Searches
✦ Dilepton searches w/ MT2 variable with light or τ leptons probing 

direct slepton production and stau-mediated electroweakino decays

�27

10 8 Interpretation

8.2 Interpretations using simplified models

The results of the search are interpreted using the model described in Section 1, and upper lim-
its on the slepton pair production cross section are provided in Figure 3 for three scenarios, as-
suming the existence of both mass degenerate left- and right-handed sleptons, only left-handed
sleptons and only right-handed sleptons. The cross section for the right handed sleptons is
about a third of that of the left-handed sleptons and thus the origin of the different limits. Fig-

100 150 200 250 300 350 400 450 500 550 600

 [GeV]ι∼ m

0

50

100

150

200

250

300

350

400

450

500

 [G
eV

]
0 1χ∼

m

1

10

210

310

 (13 TeV)-135.9 fbCMS  Preliminary 

) = 1
1
0
χ∼ ι → ι∼( Β

L/R
µ∼ 

L/R
µ∼, L/Re~ L/Re~ →pp 

NLO-NLL excl.

theoryσ 1 ±Observed 
experimentσ 1 ±Expected 

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[fb

]

100 150 200 250 300 350 400 450 500 550 600

 [GeV]ι∼ m

0

50

100

150

200

250

300

350

400

450

500

 [G
eV

]
0 1χ∼

m

1

10

210

310

 (13 TeV)-135.9 fbCMS  Preliminary 

) = 1
1
0
χ∼ ι → ι∼( Β

L
µ∼ 

L
µ∼, Le~ Le~ →pp 

NLO-NLL excl.

theoryσ 1 ±Observed 
experimentσ 1 ±Expected 

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[fb

]

100 150 200 250 300 350 400 450

 [GeV]ι∼ m

0

50

100

150

200

250

300

350

 [G
eV

]
0 1χ∼

m

1

10

210

310

 (13 TeV)-135.9 fbCMS  Preliminary 

) = 1
1
0
χ∼ ι → ι∼( Β

R
µ∼ 

R
µ∼, Re~ Re~ →pp 

NLO-NLL excl.

theoryσ 1 ±Observed 
experimentσ 1 ±Expected 

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
[fb

]

Figure 3: Cross section upper limit and exclusion contours at 95% CL for the direct slepton
production as a function of the ec0

1 and è masses, assuming the production of both left- and
right-handed sleptons of two flavors (top), or production of only left- (bottom left) or right-
handed (bottom right) sleptons of two flavors. The region under the thick red dotted (black
solid) line is excluded by the expected (observed) limit. The thin red dotted curves indicate
the regions containing 95% of the distribution of limits expected under the background-only
hypothesis. The thin solid black curves show the change in the observed limit due to variation
of the signal cross sections within their theoretical uncertainties.

1

1 Introduction

Supersymmetry (SUSY) [1–8] is a well-studied extension of the standard model (SM). It as-
sumes a new fundamental symmetry that assigns a fermion (boson) superpartner to each SM
boson (fermion). Supersymmetry has the potential to resolve the hierarchy problem by stabi-
lizing the Higgs boson (H) mass via additional quantum loop corrections from the top quark
superpartner (top squark), which compensate for the large correction due to the top quark.
If R-parity [9] is conserved, the lightest SUSY particle (LSP) predicted by the theory is stable
and potentially massive, providing a candidate for the observed dark matter. SUSY models
typically also lead to the unification of the electroweak (EW) and strong forces at high ener-
gies [10, 11].

The production cross sections of SUSY particles (sparticles) at the Large Hadron Collider (LHC)
depend on the masses of the sparticles as well as on the type of interaction involved. The col-
ored sparticles, squarks and gluinos, are produced in strong interactions with significantly
larger production cross sections than non-colored sparticles of equal masses, such as the elec-
troweak sparticles – the charginos, neutralinos or sleptons (è and en). If the masses of gluinos
and squarks are significantly larger than those of the electroweak sparticles, the direct produc-
tion of electroweak sparticles can dominate the SUSY production at the LHC.

p

p ℓ̃

ℓ̃

ℓ

χ̃0
1

χ̃0
1

ℓ

Figure 1: Diagram for slepton pair production with direct decays into leptons and the lightest
neutralino.

The supersymmetric standard model predicts charged sleptons ( eeL, eµL, etL, eeR, eµR, etR), the
superpartners of the SM leptons, which can be produced at proton-proton colliders in direct
electroweak pair production. At sufficiently heavy slepton masses, the sleptons undergo a
two-body decay into one of the heavier neutralinos or a chargino, while direct decays to a
neutralino LSP are favoured for light slepton masses. This paper presents a search for di-
rectly produced selectrons and smuons (eeL, eµL, eeR, eµR), under the assumption of a direct decay
(100% branching ratio of è ! `ec0

1) as sketched in Fig. 1. The final state contains little or no
hadronic activity and provides a clean signature composed of two opposite-sign, same-flavor
(OSSF) leptons (dielectron or dimuon pairs) and large missing transverse momentum (p

miss
T )

from the two produced LSPs that escape detection. The main SM backgrounds resulting in two
opposite-charge same-flavor leptons and no jets are tt̄ and WW!2l2n, which both involve a
W boson that decays into an electron or a muon at equal rate, resulting in the same number of
dielectron and dimuon events (same flavor, SF) as electron-muon events (different flavor, DF).
This flavor symmetry (FS) is utilized in the analysis by predicting the number of SF leptons
from the number of different-flavor (DF) leptons in the signal region in data, after correcting
for trigger and lepton reconstruction efficiencies. The ZZ!2l2n and WZ!3ln production can

CMS Collaboration 
SUS-17-009

2 2 The CMS detector

This background is estimated in control regions in data. This background estimate also includes
the QCD multijet events, where a jet is misidentified as th. In the eµ channel, the multijet
background consists of events where electrons and muons are misidentified and is determined
in data as well. Other rare backgrounds such as diboson production are taken from simulation.

The results are interpreted in two simplified models of supersymmetry (SMS) [17–20]. The first
model describes direct et pair production, with each et decaying to a t lepton and the ec0

1, as
shown in Fig. 1 (left). Here we assume that the et lepton is left-handed. Indirect production in
ec0

2– ec±
1 decays is considered as well and shown in Fig. 1 (right). The ec0

2 decays to a t+t� pair
and a ec0

1, and the ec±
1 decays to a t, a nt and a ec0

1. Here we assume mass degeneracy between
ec0

2 and ec±
1 and investigate three different met mass scenarios: met = mec0

1
+ x(mec±

1
� mec0

1
) and

x = 0.95, 0.5 and 0.05.
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Figure 1: Diagrams showing the investigated models for (left) direct et-pair production and
(right) ec0

2 ec
±
1 production.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. A silicon pixel and strip tracker, a lead tungstate
crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter
(HCAL), each composed of a barrel and two endcap sections, reside within the solenoid vol-
ume. Forward calorimeters extend the pseudorapidity (h) [21] coverage provided by the barrel
and endcap detectors. Muons are measured in the range |h| < 2.4, with detection planes made
using three technologies: drift tubes, cathode strip chambers, and resistive plate chambers.

The silicon tracker measures charged particles within the range |h| < 2.5. Isolated particles
with transverse momenta pT = 100 GeV, emitted at |h| < 1.4, have track resolutions of 2.8%
in pT, and 10 (30) µm in the transverse (longitudinal) impact parameter [22]. The ECAL and
HCAL measure energy depositions in the range |h| < 3, with quartz fibre and steel forward
calorimeters extending the coverage to |h| < 5. When information from the various detec-
tor systems is combined, the resulting jet energy resolution is typically 15% at 10 GeV, 8% at
100 GeV, and 4% at 1 TeV [23]. The momentum resolution for electrons with pT ⇡ 45 GeV from
Z ! ee decays ranges from 1.7% for electrons that do not shower in the barrel region, to 4.5%
for electrons that shower in the endcaps [24]. Matching muons to tracks measured in the silicon
tracker yields relative transverse momentum resolutions for muons with 20 < pT < 100 GeV of
1.3–2.0% in the barrel, and less than 6% in the endcaps. The pT resolution in the barrel is below
10% for muons with pT up to 1 TeV [25].

The CMS trigger system consists of two levels, where the first level (L1), composed of custom
hardware processors, uses information from the calorimeters and muon detectors to select the
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Figure 11: Excluded and observed exclusion limits on the cross section of direct etL production.
The expected limits (dashed red line) and their ±1s and ±2s standard variations are shown as
green and yellow bands, respectively. The observed limit is shown by the solid line with dots.
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Figure 10: Expected and observed limits on the cross section for neutralino-chargino pro-
duction with decay through et with (top left) x = 0.95, (top right) x = 0.5, and (bottom)
x = 0.05, where met = mec0

1
+ x(mec0

2
� mec0

1
). The branching ratio of the ec0

2 is assumed to be
BR(ec0

2 ! ett) = 1. The area enclosed by the thick black curve represents the observed ex-
clusion region, while the dashed red lines indicate the expected limits and their ±1s standard
deviation ranges.

2 2 The CMS detector

This background is estimated in control regions in data. This background estimate also includes
the QCD multijet events, where a jet is misidentified as th. In the eµ channel, the multijet
background consists of events where electrons and muons are misidentified and is determined
in data as well. Other rare backgrounds such as diboson production are taken from simulation.

The results are interpreted in two simplified models of supersymmetry (SMS) [17–20]. The first
model describes direct et pair production, with each et decaying to a t lepton and the ec0

1, as
shown in Fig. 1 (left). Here we assume that the et lepton is left-handed. Indirect production in
ec0

2– ec±
1 decays is considered as well and shown in Fig. 1 (right). The ec0

2 decays to a t+t� pair
and a ec0

1, and the ec±
1 decays to a t, a nt and a ec0

1. Here we assume mass degeneracy between
ec0

2 and ec±
1 and investigate three different met mass scenarios: met = mec0

1
+ x(mec±

1
� mec0

1
) and

x = 0.95, 0.5 and 0.05.
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Figure 1: Diagrams showing the investigated models for (left) direct et-pair production and
(right) ec0

2 ec
±
1 production.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. A silicon pixel and strip tracker, a lead tungstate
crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter
(HCAL), each composed of a barrel and two endcap sections, reside within the solenoid vol-
ume. Forward calorimeters extend the pseudorapidity (h) [21] coverage provided by the barrel
and endcap detectors. Muons are measured in the range |h| < 2.4, with detection planes made
using three technologies: drift tubes, cathode strip chambers, and resistive plate chambers.

The silicon tracker measures charged particles within the range |h| < 2.5. Isolated particles
with transverse momenta pT = 100 GeV, emitted at |h| < 1.4, have track resolutions of 2.8%
in pT, and 10 (30) µm in the transverse (longitudinal) impact parameter [22]. The ECAL and
HCAL measure energy depositions in the range |h| < 3, with quartz fibre and steel forward
calorimeters extending the coverage to |h| < 5. When information from the various detec-
tor systems is combined, the resulting jet energy resolution is typically 15% at 10 GeV, 8% at
100 GeV, and 4% at 1 TeV [23]. The momentum resolution for electrons with pT ⇡ 45 GeV from
Z ! ee decays ranges from 1.7% for electrons that do not shower in the barrel region, to 4.5%
for electrons that shower in the endcaps [24]. Matching muons to tracks measured in the silicon
tracker yields relative transverse momentum resolutions for muons with 20 < pT < 100 GeV of
1.3–2.0% in the barrel, and less than 6% in the endcaps. The pT resolution in the barrel is below
10% for muons with pT up to 1 TeV [25].

The CMS trigger system consists of two levels, where the first level (L1), composed of custom
hardware processors, uses information from the calorimeters and muon detectors to select the
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Search for Black Holes
✦ Traditionally used to probe semiclassical black holes, also provide strong limits on 

high-multiplicity signatures often expected to come from RPV SUSY decays, 
axigluons, and other strong dynamics objects, quantum gravity


✦ Based on the ST invariance: ST = ΣpTj nearly independent of the multiplicity N

✦ Predict background from N = 3 distribution; go up to N ≥ 11!

✦ Set both model-independent limits and limits in 

specific black hole or string ball models

✦ Limits are as high as 10 TeV on the BH mass
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Figure 5: The background predictions after normalization for inclusive multiplicities of N �
7, . . . , 11 (left to right, upper to lower). The gray band shows the shape uncertainty and the
red lines also include the normalization uncertainty. The bottom panels show the difference
between the data and the background prediction from the fit, divided by the overall uncer-
tainty, which includes the statistical uncertainty of data as well as the shape and normalization
uncertainties in the background prediction, added in quadrature. The N � 7 (N � 8, . . . , 11)
distributions also show contributions from benchmark BH (sphaleron) signals added to the
expected background.
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Figure 4: The background predictions after the normalization for inclusive multiplicities N �
3, . . . , 6 (left to right, upper to lower). The gray band shows the background shape uncertainty
alone and the red lines also include the normalization uncertainty. The bottom panels show
the difference between the data and the background prediction from the fit, divided by the
overall uncertainty, which includes the statistical uncertainty of data as well as the shape and
normalization uncertainties in the background prediction, added in quadrature.

model-independent limits on BSM physics in energetic, multiparticle final states, and as model-
specific limits for a set of semiclassical BH and SB scenarios, as well as for EW sphalerons.

Limits are set using the CLs method [86–88] with log-normal priors in the likelihood to con-
strain the nuisance parameters near their best estimated values. We do not use an asymptotic
approximation of the CLs method [89], as for most of the models the optimal search region cor-
responds to a very low background expectation, in which case the asymptotic approximation
is known to overestimate the search sensitivity.

8.1 Model-independent limits

The main result of this analysis is a set of model-independent upper limits on the product of
signal cross section and acceptance (s A) in inclusive N � N

min final states, as a function of the
minimum ST requirement, S

min
T , obtained from a simple counting experiment for ST > S

min
T .

These limits can then be translated into limits on the M
min
BH in a variety of models, or on any

other signals resulting in an energetic, multi-object final state. We start with the limits for the
inclusive multiplicities N � 3, 4, which can be used to constrain models resulting in lower
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is excluded by this search.

Esph = 8 TeV. Consequently, the exclusion limit on the sphaleron cross section can be converted
into a limit on the PEF, defined in Section 5.2. Following Ref. [48] we calculate the PEF limits
for the nominal Esph = 9 TeV, as well as for the modified values of Esph = 8 and 10 TeV. The
observed and expected 95% CL upper limits on the PEF are shown in Fig. 12. The observed
(expected) limit obtained for the nominal Esph = 9 TeV is 0.021 (0.012), which is an order of
magnitude more stringent than the limit obtained in Ref. [48] based on the reinterpretation of
the ATLAS result [34].
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Esph = 8 TeV. Consequently, the exclusion limit on the sphaleron cross section can be converted
into a limit on the PEF, defined in Section 5.2. Following Ref. [48] we calculate the PEF limits
for the nominal Esph = 9 TeV, as well as for the modified values of Esph = 8 and 10 TeV. The
observed and expected 95% CL upper limits on the PEF are shown in Fig. 12. The observed
(expected) limit obtained for the nominal Esph = 9 TeV is 0.021 (0.012), which is an order of
magnitude more stringent than the limit obtained in Ref. [48] based on the reinterpretation of
the ATLAS result [34].
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Search for Black Holes
✦ Traditionally used to probe semiclassical black holes, also provide strong limits on 

high-multiplicity signatures often expected to come from RPV SUSY decays, 
axigluons, and other strong dynamics objects, quantum gravity


✦ Based on the ST invariance: ST = ΣpTj nearly independent of the multiplicity N

✦ Predict background from N = 3 distribution; go up to N ≥ 11!

✦ Set both model-independent limits and limits in 

specific black hole or string ball models

✦ Limits are as high as 10 TeV on the BH mass
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Figure 5: The background predictions after normalization for inclusive multiplicities of N �
7, . . . , 11 (left to right, upper to lower). The gray band shows the shape uncertainty and the
red lines also include the normalization uncertainty. The bottom panels show the difference
between the data and the background prediction from the fit, divided by the overall uncer-
tainty, which includes the statistical uncertainty of data as well as the shape and normalization
uncertainties in the background prediction, added in quadrature. The N � 7 (N � 8, . . . , 11)
distributions also show contributions from benchmark BH (sphaleron) signals added to the
expected background.
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Figure 4: The background predictions after the normalization for inclusive multiplicities N �
3, . . . , 6 (left to right, upper to lower). The gray band shows the background shape uncertainty
alone and the red lines also include the normalization uncertainty. The bottom panels show
the difference between the data and the background prediction from the fit, divided by the
overall uncertainty, which includes the statistical uncertainty of data as well as the shape and
normalization uncertainties in the background prediction, added in quadrature.

model-independent limits on BSM physics in energetic, multiparticle final states, and as model-
specific limits for a set of semiclassical BH and SB scenarios, as well as for EW sphalerons.

Limits are set using the CLs method [86–88] with log-normal priors in the likelihood to con-
strain the nuisance parameters near their best estimated values. We do not use an asymptotic
approximation of the CLs method [89], as for most of the models the optimal search region cor-
responds to a very low background expectation, in which case the asymptotic approximation
is known to overestimate the search sensitivity.

8.1 Model-independent limits

The main result of this analysis is a set of model-independent upper limits on the product of
signal cross section and acceptance (s A) in inclusive N � N

min final states, as a function of the
minimum ST requirement, S

min
T , obtained from a simple counting experiment for ST > S

min
T .

These limits can then be translated into limits on the M
min
BH in a variety of models, or on any

other signals resulting in an energetic, multi-object final state. We start with the limits for the
inclusive multiplicities N � 3, 4, which can be used to constrain models resulting in lower
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Figure 6: Model-independent upper limits on the cross section times acceptance for four sets
of inclusive multiplicity thresholds, N � 3, . . . , 6 (left to right, upper to lower). Observed
(expected) limits are shown as the black solid (dotted) lines. The green (yellow) band represents
the ±1 (±2) standard deviation uncertainty in the expected limit.
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Figure 7: Model-independent upper limits on the cross section times acceptance for five sets
of inclusive multiplicity thresholds, N � 7, . . . , 11 (left to right, upper to lower). Observed
(expected) limits are shown as the black solid (dotted) lines. The green (yellow) band represents
the ±1 (±2) standard deviation uncertainty in the expected limit.
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Figure 10: The 95% observed CL lower limits on M
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BH as a function of MD at different n for the

models C1–C6 generated with CHARYBDIS 2.
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Figure 11: The 95% CL lower limits on a string ball mass as a function of the string coupling gS
for a fixed value of the string scale MS = 3.6 TeV (left) and as a function of the string scale MS
for a fixed value of the string coupling gS = 0.2 (right). The green (yellow) band represents the
±1 (±2) standard deviation uncertainty in the expected limit. The area below the solid curve
is excluded by this search.

Esph = 8 TeV. Consequently, the exclusion limit on the sphaleron cross section can be converted
into a limit on the PEF, defined in Section 5.2. Following Ref. [48] we calculate the PEF limits
for the nominal Esph = 9 TeV, as well as for the modified values of Esph = 8 and 10 TeV. The
observed and expected 95% CL upper limits on the PEF are shown in Fig. 12. The observed
(expected) limit obtained for the nominal Esph = 9 TeV is 0.021 (0.012), which is an order of
magnitude more stringent than the limit obtained in Ref. [48] based on the reinterpretation of
the ATLAS result [34].
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Esph = 8 TeV. Consequently, the exclusion limit on the sphaleron cross section can be converted
into a limit on the PEF, defined in Section 5.2. Following Ref. [48] we calculate the PEF limits
for the nominal Esph = 9 TeV, as well as for the modified values of Esph = 8 and 10 TeV. The
observed and expected 95% CL upper limits on the PEF are shown in Fig. 12. The observed
(expected) limit obtained for the nominal Esph = 9 TeV is 0.021 (0.012), which is an order of
magnitude more stringent than the limit obtained in Ref. [48] based on the reinterpretation of
the ATLAS result [34].
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First Search for EW Sphalerons
✦ Can reinterpret this result as a limit on EW sphalerons

✦ Sphalerons were proposed by `t Hooft as a non-perturbative solution of EW 

Lagrangian, which results in B+L non-conservation, while conserving B-L

✦ The discovery of the Higgs boson allowed to calculate the sphaleron 

transition, which, at LO is at Ethr = 9 TeV

✦ Recent work of Tye/Wong [arXiv:1505.3690] boldly suggested that due to 

periodicity of the potential there is no exponential suppression for the 
sphaleron transition just below the threshold, and no suppression at all above 
the threshold, i.e. observable at the LHC


✦ Sphaleron transition at leading order results in 12 fermions in the final state (3 
x 3 quarks, and 3 leptons, one per generation)


๏ Some of the f.s. quarks can "cancel" w/ the initial state, reducing the f.s. 
multiplicity


๏ Typical example: 

✦ Ellis/Sakurai [arXiv:1601.03654] reinterpreted 2015 ATLAS BH search [arXiv:

1512.02586] and set first [phenomenological] limits on EW sphaleron 
production


✦ Here we present the first dedicated experimental search for EW sphalerons

�29
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three generations of quarks produced. This results in two important relations, which are essen-
tial to the phenomenology of sphalerons: D(B + L) = 6NCS and D(B � L) = 0. The anomaly
only exists if there is enough energy to overcome the potential in NCS, which is fixed by the
values of the EW couplings. Assuming the state at 125 GeV to be the SM Higgs boson, the
precise measurement of its mass [21, 22] allowed the determination of these couplings, giving
an estimate of the energy required for the sphaleron transitions of Esph ⇡ 9 TeV [44, 47].

While the Esph threshold is within the reach of the LHC, it was originally thought that the
sphaleron transition probability would be significantly suppressed by a large potential bar-
rier. However, in a recent work [47] it has been suggested that the periodic nature of the
Chern–Simons potential reduces this suppression at collision energies

p
ŝ < Esph, remov-

ing it completely for
p

ŝ � Esph. This argument opens up the possibility of observing an
EW sphaleron transition in proton-proton (pp) collisions at the LHC via processes such as:
u + u ! e+µ+t+ t t b c c s d + X. Fundamentally, the NCS = +1 (�1) sphaleron transitions
involve 12 (anti)fermions: three (anti)leptons, one from each generation, and nine (anti)quarks,
corresponding to three colors and three generations, with the total electric charge and weak
isospin of zero. Nevertheless, at the LHC, we consider signatures with 14, 12, or 10 particles
produced, that arise from a q + q0 ! q + q0 + sphaleron process, where 0, 1, or 2 of the 12
fermions corresponding to the sphaleron transition may “cancel” the q or q0 inherited from the
initial state [48, 49]. Since between zero and three of the produced particles are neutrinos, and
also between zero and three are top quarks, which further decay, the actual multiplicity of the
visible final-state particles may vary between 7 and 20 or more. Some of the final-state parti-
cles may also be gluons from either initial- or final-state radiation. While the large number of
allowed combinations of the 12 (anti)fermions results in over a million unique transitions [50],
many of the final states resulting from these transitions would look identical in a typical collider
experiment, as no distinction is made between quarks of the first two generations, leading to
only a few dozen phenomenologically unique transitions, determined by the charges and types
of leptons and the third-generation quarks in the final state. These transitions would lead to
characteristic collider signatures, which would have many energetic jets and charged leptons,
as well as large missing transverse momentum due to undetected neutrinos.

A phenomenological reinterpretation in terms of limits on the EW sphaleron production of an
ATLAS search for microscopic BHs in the multijet final states at

p
s = 13 TeV [34], comparable

to an earlier CMS analysis [36], was recently performed in Ref. [48]. In the present paper, we
describe the first dedicated experimental search for EW sphaleron transitions.

2 The CMS detector and the data sample
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid.

In the region |h| < 1.74, the HCAL cells have widths of 0.087 in pseudorapidity and 0.087 in
azimuth (f). In the h � f plane, and for |h| < 1.48, the HCAL cells map on to 5 ⇥ 5 arrays
of ECAL crystals to form calorimeter towers projecting radially outwards from close to the
nominal interaction point. For |h| > 1.74, the coverage of the towers increases progressively to
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Limits on EW Sphalerons
✦ Used BaryoGen generator [arXiv:1805.02786] developed in the course of 

the analysis

✦ Limits are set on the pre-exponential factor (PEF), which is the fraction of 

collisions with the c.o.m. energy above Ethr, which undergoes a 
sphaleron transition


✦ The limit is PEF < 0.021 @95% CL for Ethr = 9 TeV
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conservative estimate of the signal cross section at high masses, as checked with the modern
NNPDF3.0 [75] LO PDFs, with the value of strong coupling constant of 0.118 used for the
central prediction, with a standard uncertainty eigenset. The MSTW2008LO PDF set was also
used in all Run 1 BH searches [62–64] and in an earlier Run 2 [36] search, which makes the
comparison with earlier results straightforward.

5.2 Sphaleron signal samples

The electroweak sphaleron processes are generated at LO with the BARYOGEN v1.0 genera-
tor [49], capable of simulating various final states described in Section 1.2. We simulate the
sphaleron signal for three values of the transition energy Esph = 8, 9, and 10 TeV. The parton-
level simulation is done with the CT10 LO PDF set [76]. In the process of studying various
PDF sets, we found that the NNPDF3.0 yields a significantly larger fraction of sea quarks in the
kinematic region of interest than all other modern PDFs. While the uncertainty in this fraction
is close to 100%, we chose the CT10 set, for which this fraction is close to the median of the
various PDF sets we studied. The PDF uncertainties discussed in Section 7 cover the variation
in the signal acceptance between various PDFs due to this effect.

The typical final-state multiplicities for the NCS = ±1 sphaleron transitions resulting in 10, 12,
or 14 parton-level final states are shown in Fig. 1. The NCS = 1 transitions are dominated by 14
final-state partons, as the proton mainly consists of valence quarks, thus making the probability
of cancellations small.

Figure 1: Observed final-state particle multiplicity N distributions for NCS = ±1 sphaleron
transitions resulting in 10, 12, and 14 parton-level final-state multiplicities. The relative num-
bers of events in the histograms are proportional to the relative probabilities of these three
parton-level configurations.

The cross section for sphaleron production is given by [48]: s = PEF s0, where s0 = 121, 10.1,
and 0.51 fb for Esph = 8, 9, and 10 TeV, respectively, and PEF is the pre-exponential factor,
defined as the fraction of all quark-quark interactions above the sphaleron energy threshold
Esph that undergo the sphaleron transition.

5.3 Background samples

In addition, we use simulated samples of W+jets, Z+jets, g+jets, tt, and QCD multijet events
for auxiliary studies. These events are generated with the MADGRAPH5 aMC@NLO v2.2.2 [77]

20

 [TeV]sphE
8 8.2 8.4 8.6 8.8 9 9.2 9.4 9.6 9.8 10

PE
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Figure 12: Observed (solid curve) and expected (dashed black curve) 95% CL upper limit on
the pre-exponential factor PEF of the sphaleron production as a function of Esph. The green
(yellow) band represents the ±1 (±2) standard deviation uncertainty in the expected limit. The
area above the solid curve is excluded by this search.

9 Summary
A search has been presented for generic signals of beyond the standard model physics result-
ing in energetic multi-object final states, such as would be produced by semiclassical black
holes, string balls, and electroweak sphalerons. The search was based on proton-proton col-
lision data at a center-of-mass energy of 13 TeV, collected with the CMS detector in 2016 and
corresponding to an integrated luminosity of 35.9 fb�1. The background, dominated by QCD
multijet production, is determined solely from low-multiplicity samples in data. Comparing
the distribution of the total transverse momentum ST of the final-state objects in data with that
expected from the backgrounds, we set 95% confidence level model-independent upper limits
on the product of the production cross section and acceptance for such final states, as a func-
tion of the minimum ST for minimum final-state multiplicities between 3 and 11. These limits
reach 0.08 fb at high ST thresholds. By calculating the acceptance values for benchmark black
hole, string ball, and sphaleron signal models, we convert these model-independent limits into
lower limits on the minimum semiclassical black hole mass and string ball mass. The limits
extend as high as 10.1 TeV, thus improving significantly on previous results. We have also set
the first experimental upper limit on the electroweak sphaleron pre-exponential factor of 0.021
for the sphaleron transition energy of 9 TeV.
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LQ3 Search & Flavor Anomalies
✦ Reinterpretation of the SUSY all-hadronic search with the 

MT2 variable [arXiv:1705.04650]

✦ Consider scalar and vector LQs decaying to νq, resulting in 
ννqq, ννbb, or ννtt topologies

๏ Proposed for explanation of flavor anomalies


✦ Most stringent constraints to date for B(LQ → νq) ~ 50%
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Figure 3: The 95% CL upper limits on the production cross sections as a function of LQ mass
for LQ pair production decaying with 100% branching fraction to a neutrino and (upper left)
a light quark (one of u, d, s, or c), (upper right) a bottom quark, or (lower) a top quark. The
solid (dashed) black line represents the observed (median expected) exclusion. The inner green
(outer yellow) band indicates the region containing 68 (95%) of the distribution of limits ex-
pected under the background-only hypothesis. The blue (red) lines show the theoretical cross
section for LQS (LQV) pair production with its uncertainty. (lower) Also shown in magenta
is the product of the theoretical cross section and the square of the branching fraction (B), for
vector LQ pair production assuming a 50% branching fraction to tnt, with the remaining 50%
to bt.
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Figure 3: The 95% CL upper limits on the production cross sections as a function of LQ mass
for LQ pair production decaying with 100% branching fraction to a neutrino and (upper left)
a light quark (one of u, d, s, or c), (upper right) a bottom quark, or (lower) a top quark. The
solid (dashed) black line represents the observed (median expected) exclusion. The inner green
(outer yellow) band indicates the region containing 68 (95%) of the distribution of limits ex-
pected under the background-only hypothesis. The blue (red) lines show the theoretical cross
section for LQS (LQV) pair production with its uncertainty. (lower) Also shown in magenta
is the product of the theoretical cross section and the square of the branching fraction (B), for
vector LQ pair production assuming a 50% branching fraction to tnt, with the remaining 50%
to bt.
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Majorana Neutrino Searches
✦ Two new analyses: searches in trilepton and same-sign dilepton channels

✦ Includes qq production, and, for the first time photon-induced t-channel 

production in the dilepton channel, which takes over at high masses

✦ Most stringent limits on boxing parameters above mN of 430 GeV and the 

first limits above 1200 GeV

�32

2 1 Introduction

(mN < 5 GeV), including the LHCb Collaboration [29] at the LHC, which set limits on the
mixing of a heavy neutrino with a SM muon neutrino. The searches by L3, DELPHI, and
LHCb include the possibility of a finite heavy neutrino lifetime such that it decays with a vertex
displaced from the interaction point, while in the search reported here it is assumed that the
heavy neutrino decays with no significant displacement of the vertex, since in the mass range
of this search (mN > 20 GeV) the decay length is expected to be less than 10�10 m [33].

While the heavy neutrino is not expected to couple to any of the SM gauge bosons, they could
still be produced at the LHC through their mixing with the SM neutrinos. This search probes
their direct production in the decay of a W boson, in which the SM neutrino oscillates into a
heavy neutrino. In the past analysis of CMS data [30, 31], only the resonance production of a
heavy neutrino shown in Fig. 2 was accounted for (qq̄0 ! W⇤ ! N` ! W``), while in this
study the photon initiated production of a heavy neutrino qg ! N`±q0 , as shown in Fig. 3,
is considered. The left two diagrams in Fig. 3 show the vector boson fusion (VBF) channel
via Wg fusion, and the right two diagrams which do not add to the Wg fusion and are small
QED corrections. The inclusion of the VBF channel enhances the sensitivity of this analysis
for neutrino masses above several hundred GeV [34], where the t-channel photon initiated
processes become the dominant production mechanism for W⇤ ! N`.

ui

dj

W+⇤

N

`+

dm

un

`
0+

W�

Figure 2: Diagram representing a resonance production of a Majorana neutrino (N), via Drell–
Yan (DY) s-channel process and its decay into same-sign leptons and two quarks. The charge-
conjugate diagram results in a `�`�qq̄0 final state. Taken from Ref. [35].

Because of the Majorana nature of the heavy neutrino considered here, both opposite- and
same-sign (SS) lepton pairs can be produced. This search concentrates on the SS dilepton sig-
natures since these final states have very low SM backgrounds. We search for events where
the heavy neutrino decays to a lepton and a W boson, and the W boson decays to two jets,
as this allows the reconstruction of the mass of the heavy neutrino without missing any trans-
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(mN < 5 GeV), including the LHCb Collaboration [29] at the LHC, which set limits on the
mixing of a heavy neutrino with a SM muon neutrino. The searches by L3, DELPHI, and
LHCb include the possibility of a finite heavy neutrino lifetime such that it decays with a vertex
displaced from the interaction point, while in the search reported here it is assumed that the
heavy neutrino decays with no significant displacement of the vertex, since in the mass range
of this search (mN > 20 GeV) the decay length is expected to be less than 10�10 m [33].
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via Wg fusion, and the right two diagrams which do not add to the Wg fusion and are small
QED corrections. The inclusion of the VBF channel enhances the sensitivity of this analysis
for neutrino masses above several hundred GeV [34], where the t-channel photon initiated
processes become the dominant production mechanism for W⇤ ! N`.
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80 GeV is caused by the fact that as the mass of the heavy Majorana neutrino approaches the
W boson mass, the lepton produced together with the N or the lepton from the N decay have
very low pT.

In the previous CMS search [30, 31] two AK4 jets were required in the low- and high-mass
SRs, while in the present analysis at

p
s = 13 TeV this has been extended to SRs in which one

or more AK8 jet is required. As seen in Figs. 9–10, the expected limits are improved over the
previous analysis only in the high-mass SR above mN ⇡ 100 GeV. There are several reasons
that no significant improvement in the limits is seen at lower masses.

First, the higher electron trigger pT threshold led to an offline requirement of pT > 25 GeV on
the leading lepton, compared to 20 GeV in the previous analysis. This lowers the signal effi-
ciency at low masses in the ee and eµ channels, and is the reason that no increase in sensitivity
is seen in the ee channel at low masses. Second, the increase in the number of pileup interac-
tions in the present data leads to larger backgrounds from misidentified leptons at low masses
and also increases the p

miss
T in events. The misidentified lepton-background increased by a fac-

tor of two in the low-mass SRs compared to the expected increase from extrapolating the yield
using the change in the integrated luminosity and cross section, leading to larger overall back-
ground in all channels at low masses. The increased p

miss
T in the events due to larger pileup

means that the upper p
miss
T threshold (required to reduce backgrounds that contain a leptonic

W boson decay, such as W + jets) becomes less efficient than it would be at 8 TeV. This also
leads to a reduction in sensitivity at low masses.
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Displaced Multitrack Vertices
✦ Displaced jets are predicted in a number of BSM theories

✦ Dedicated search based on two multitrack displaced vertices

✦ Background prediction from events  

with a single displaced vertex

✦ Interpretation via RPV gluinos/t squarks
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Figure 5: Distribution of the x-y distance between vertices in two-vertex events. The points
show the data (dVV), and the solid lines show the background template (d C

VV) normalized to the
data, for events with two 3-track vertices (upper left), one 4-track vertex and one 3-track vertex
(upper right), two 4-track vertices (lower left), and two �5-track vertices (lower right). The last
bin includes the overflow events. The dotted lines indicate the boundaries between the bins
used in the fit.
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Figure 6: Observed 95% CL upper limits on cross section times branching fraction squared for
multijet signals (left) and dijet signals (right) as a function of mass and mean proper decay
length. The overlaid mass exclusion curves assume gluino pair production cross sections for
the multijet signals and top squark pair production cross sections for the dijet signals. The
upper plots span ct from 1 to 100 mm, and the lower plots span ct from 0.1 to 1 mm.

1. Introduction 1

1 Introduction
Many theories for physics beyond the standard model (SM) predict the pair production of
long-lived particles decaying to final states with two or more jets. Some examples include R-
parity violating (RPV) supersymmetry (SUSY) [1], split SUSY [2], hidden valley models [3],
and weakly interacting massive particle baryogenesis [4]. Searches for long-lived particles sig-
nificantly expand the parameter space of physics beyond the SM probed by the experiments at
the CERN LHC.

This analysis is sensitive to models of new physics in which pairs of long-lived particles decay
to final states with multiple charged particles. We present results for two benchmark signal
models, as well as a method for applying the results more generally. The “multijet” benchmark
signal is motivated by a minimal flavor violating model of RPV SUSY [5] in which the lightest
SUSY particle is a neutralino or gluino, either of which is produced in pairs. The neutralino or
gluino is long-lived and decays into a top antiquark and a virtual top squark, and the virtual
top squark decays into strange and bottom antiquarks, resulting in a final state with many jets.
The “dijet” benchmark signal is a phenomenological model in which pair-produced long-lived
top squarks each decay into two down antiquarks, which is also an RPV scenario [6]. The
diagrams for the multijet and dijet signal models are shown in Fig. 1.
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Figure 1: Diagrams for the multijet (left) and dijet (right) benchmark signal models used in this
analysis. The long-lived particles are shown in red, and the quarks to which they decay are
shown in blue. In the multijet signal model, long-lived neutralinos (ec0) or gluinos (eg) decay
into top, bottom, and strange antiquarks, via a virtual top squark (et). In the dijet signal model,
long-lived top squarks decay into two down antiquarks. The charge conjugate processes are
also allowed.

The experimental signature of these long-lived exotic particles is a pair of displaced vertices,
each consisting of multiple charged-particle trajectories intersecting at a single point. In this
analysis, a custom vertex reconstruction algorithm identifies the displaced vertices. We focus
on signals with intermediate lifetimes, with mean proper decay lengths from 0.1 to 100 mm,
by identifying vertices that are displaced from the beam axis but within the radius of the beam
pipe. The signal is distinguished from the SM background based on the separation between the
vertices: signal events have two well-separated vertices, while background events are domi-
nated by events with only one displaced vertex, usually close to the beam axis.

The CMS Collaboration searched for displaced vertices in proton-proton (pp) collisions at a
center-of-mass energy of

p
s = 8 TeV in 2012 [7]. This analysis is an improved version of

the search, using pp collisions collected at
p

s = 13 TeV in 2015 and 2016. A similar analysis
was performed by the ATLAS Collaboration [8]. The CMS and ATLAS Collaborations have
also searched for displaced jets [9–12], displaced leptons [13, 14], displaced photons [15], and
displaced lepton jets [16]. The analysis reported here is sensitive to shorter lifetimes than those
probed by previous analyses.
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Mono-Higgs Production
�35

2 2 CMS detector

Fu =
1p
2

✓
cos b H+

vu + cos a h + sin a H + i cos b A0

◆
,

where h and H are neutral CP-even scalars, H± are charged scalars, and A0 is a neutral CP-odd
scalar. In this framework, tan b ⌘ vu/vd, and a is the mixing angle that diagonalizes the h � H
mass squared matrix. The a is assigned to be a = b � p/2, in the limit where the h has SM-like
couplings to fermions and gauge bosons, and tan b � 0.3 as implied from the perturbativity of
the top Yukawa coupling.

The model is described by six parameters, namely, (i) the pseudoscalar mass mA0, (ii) the DM
mass mc, (iii) the Z0 mass mZ0 , (iv) tan b, (v) the Z0 coupling strength gZ0 , and (vi) the coupling
constant between A0 and dark matter particles gc. However, only the masses mA0 and mZ0

affect the kinematic distributions and all the other parameters affect the cross sections and
decay widths only, since the decay widths of A0 and Z0 have a small effect on the kinematics. In
addition, when the A0 is on-shell, i.e. when mA0 > 2mc, the cross section has little dependence
on the mass of dark matter particle mc. We considered a Z0 resonance mass between 600 and
2500 GeV, an A0 mass of 300 GeV, and the mass of the DM particle is set to 100 GeV. The A0

mass below 300 GeV is not considered due to the b ! sg constraints [6]. With the tan b and the
gc fixed at unity, independent of the value of gZ0 , the branching ratio of decays to DM particles
B(A0 ! cc) is ⇡ 100% for an A0 mass of 300 GeV and it starts to decrease as mA0 > 2mt since
the decay of A0 ! tt becomes kinematically accessible. For example, for an A0 mass of 400 GeV,
the B(A0 ! cc) reduces to 54%. The results in this document consider only the decays to DM
particles. The signal model cross section is calculated using the benchmark model parameters
tan b and gc set to 1 and for two different values of gZ0 :

1. the cross section is measured using the constraints from dijet searches and electroweak
precision measurements [4], following:

gZ0  0.03 ⇥ gW
cos qW⇥sin2 b

⇥
p

m2
Z0�m2

Z
mZ

;

2. the cross section is obtained using a fixed coupling value gZ0 = 0.8 as considered in Ref.
[7].

The transverse momentum of the Higgs boson increases with mZ0 . The minimum angular dis-
tance (DR =

p
Dh2 + Df2) between the decay products of the Higgs boson (bb̄) follows the

relation DR ⇡ 2 ⇥ mH/pH, where pH is the momentum of the Higgs boson. The present search
analysis considers mZ0 ranging from 600 to 2500 GeV which implies a very wide range of trans-
verse momentum of the Higgs boson and DR(bb̄). Therefore the analysis is divided into two
regimes: (i) a resolved regime where the Higgs boson gives rise to two separate b jets with a
radius of DR = 0.4, and (ii) a boosted regime where the Higgs boson is reconstructed by one
single jet with a jet radius DR = 0.8. The resolved jet analysis is used for lower Z0 mass values
(600 to 1000 GeV) and the boosted jet analysis is performed for higher Z0 mass values (> 1000
GeV).

2 CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m inner diameter,
providing a field of 3.8 T. Within the field volume are the silicon pixel and strip tracker, the

Precision EW:

Dijets: gZ' < 0.8

2 3 Data and Simulated Samples

Figure 1: Feynman diagrams for the benchmark DM signal models: baryonic Z
0 (left) and

2HDM (right).

A fit-based analysis similar to that of the SM h! gg search is used to estimate the signal yield.
In addition to a high-p

miss
T category, a lower p

miss
T category is also considered in order to be

sensitive to possible signals with less p
miss
T .

2 The CMS Detector

The central feature of the CMS detector is a superconducting solenoid, of 6 m internal di-
ameter, providing an axial magnetic field of 3.8 T along the beam direction. Within the su-
per conducting solenoid volume are a silicon pixel and strip tracker, a lead-tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL).
Charged particle trajectories are measured by the silicon pixel and strip tracker system, cover-
ing 0  f  2p in azimuth and |h| < 2.5, where the pseudorapidity is h = � ln (tan q/2), and
q is the polar angle with respect to the counterclockwise-beam direction. Muons are measured
in gas-ionization detectors embedded in the steel return yoke. Extensive forward calorimetry
complements the coverage provided by the barrel and endcap detectors. The electromagnetic
calorimeter, which surrounds the tracker volume, consists of 75,848 lead-tungstate crystals that
provide coverage in pseudorapidity |h| < 1.479 in the barrel region (EB) and 1.479 < |h| < 3.0
in two endcap regions (EE). The EB modules are arranged in projective towers. A preshower
detector consisting of two planes of silicon sensors interleaved with a total of three X0 of lead
is located in front of the EE. In the region |h| < 1.74, the HCAL cells have widths of 0.087 in
pseudorapidity and azimuth (f). In the ( h, f ) plane, and for |h| < 1.48, the HCAL cells map on
to 5x5 ECAL crystal arrays to form calorimeter towers projecting radially outwards from close
to the nominal interaction point. At larger values of |h|, the size of the towers increases and the
matching ECAL arrays contain fewer crystals. Within each tower, the energy deposits in ECAL
and HCAL cells are summed to define the calorimeter tower energies, subsequently used to
provide the energies and directions of hadronic jets (highly collimated showers of particles). A
more detailed description of the CMS detector can be found in Ref. [11].

3 Data and Simulated Samples

The data considered in this analysis correspond to an integrated luminosity of 35.9 fb�1 col-
lected by the CMS experiment at the CERN LHC in 2016 at

p
s = 13 TeV. Diphoton triggers

with asymmetric transverse energy thresholds (30/18 GeV) were used to select events. The
analyzed sample fulfills standard data quality criteria for all components of the CMS detector.

The analysis is optimized using fully simulated samples of the dark matter associated pro-
duction with a Higgs boson in 2HDM and Baryonic Z’ (Z0

B
) models [10]. 2HDM signals are
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Table 7: The expected signal yields and A⇥e for the two benchmark models.
h ! gg h ! t+t�

Low-p
miss
T High-p

miss
T µth eth th th

Z
0-2HDM signal, mA = 300 GeV, mZ0 = 1000 GeV

Expected yield 0.1 ± 0.4 4.5 ± 0.6 11.1 ± 0.5 6.5 ± 0.3 14.3 ± 1.2
A⇥e [%] 0.1 42.6 3.6 2.2 4.4

Baryonic Z
0 signal, mc = 1 GeV, mZ0 = 10 GeV

Expected yield 12.3 ± 5.4 13.0 ± 5.6 15.1 ± 0.6 8.2 ± 0.3 18.1 ± 0.9
A⇥e [%] 6.6 7.0 0.3 0.2 0.3
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Figure 5: Expected and observed 95% CL upper limits on Z
0-2HDM dark matter production

cross section for the h ! gg channel, h ! t+t� channel, and their combined exclusion.

7.2 Z0-2HDM interpretation

For the event selection given in Section 4 and Section 5, the results interpreted in terms of the
Z
0-2HDM associated production of DM and a Higgs boson are presented here. The expected

and observed yields are used to make an upper limit on the production cross section of DM
+ h production via the Z

0-2HDM mechanism. Upper limits are computed at 95% confidence
level (CL) using a profile-likelihood ratio and the modified frequentist method [59, 60] and
are computed with an asymptotic approximation [61]. The upper limits are obtained for each
Higgs boson decay channel separately and for the statistical combination of the two. The two
decay channels are combined using the h branching fractions predicted by the SM [49]. In the
combination of the two decay channel analyses, the h cross section theoretical uncertainties and
the systematic uncertainty in the integrated luminosity are assumed to be fully correlated.

Figure 5 shows the 95% CL expected and observed upper limits on the DM production cross
section (s95%CL) as a function of Z

0 mass. Both the h ! gg and h ! t+t� channels, as well
as the combination of the two, are shown for mA = 300 GeV. These upper limits, although
obtained with a DM mass of 100 GeV, can be considered valid for any DM mass below 100
GeV since the branching fraction for decays of A to DM particles decreases as the dark matter
mass increases. The theoretical cross section (sth) is calculated with mc = 100 GeV, gZ0 = 0.8,
and gc = tan b = 1 as mentioned in Section 3.
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Figure 6: Observed 95% CL upper limits on Z
0-2HDM signal strength for the h ! gg (left), h !

t+t� (right), and combination of the two channels (lower center). The observed (expected)
two-dimensional exclusion curves are shown with thick red (dashed black) lines. The plus and
minus one standard deviation expected exclusion curves are also shown as thin black lines.
The region below the lines is excluded.
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Figure 8: Observed 95% CL upper limits on Z
0 signal strength for the h ! gg (left), h ! t+t�

(right), and combination of the two channels (lower center). The observed (expected) two-
dimensional exclusion curves are shown with thick red (dashed black) lines. The plus and
minus one standard deviation expected exclusion curves are also shown as thin black lines.
The region below the lines is excluded.
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✦ Mono-Higgs analysis in the context of 2HDM and 
vector mediator


✦ New combination of the H(γγ) and H(ττ) decay 
modes


✦ H(γγ) channel helps at very low and very high 
mediator masses, while H(ττ) is more sensitive at 
intermediate masses
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H(bb)+MET
✦ New analysis - a reinterpretation of Z(vv)H(bb) analysis

✦ So far, only Z'-2HDM interpretation

✦ By far most restrictive limits on the model to date, even despite a 

slight excess observed
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Higgs boson [41]. The exclusion limits are presented as an exclusion of the mZ0 and mA pa-
rameter space in Fig. 10. With the current dataset, mZ0 up to 3.2 TeV and mA up to 800 GeV
are excluded, providing a more sensitive result compared to the ATLAS search performed on a
similar dataset [35], which excluded a mZ0 < 2.5 TeV and mA < 600 GeV, and setting the most
stringent constrain to date on the Z0-2HDM model.
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Figure 10: Observed and expected exclusion on the parameter plane [mZ0 , mA]. The excluded
region in the considered benchmark scenario (gZ0 = 0.8, gc = 1, tan b = 1, mc = 100 GeV, and
mA = mH = mH±) is represented by the shaded area.

9 Summary
A search for a resonance with mass between 800 and 4500 GeV, decaying to a standard model
(SM) vector boson and a SM Higgs boson, is reported. The data sample was collected by the
CMS experiment at

p
s = 13 TeV, and corresponds to an integrated luminosity of 35.9 fb�1. The

final states contained the leptonic decays of the vector bosons, in events with zero, exactly one,
and two electrons or muons. The standard model Higgs boson is reconstructed from its decay
to b quark-antiquark pairs. Depending on the resonance mass, upper limits in the range 0.8–60
fb are set on the product of the cross sections and the branching fractions for the decay of the
resonance into a Higgs and a vector boson, and for the decay of the Higgs boson into a pair of b
quarks. In a triplet of narrow spin-1 resonances, vector bosons with a mass lower than 2.8 and
2.9 TeV are excluded in the benchmark scenarios A and B, respectively. Furthermore, the results
of this search provide an exclusion in the two Higgs doublet model (2HDM) parameter space
up to 2 TeV, which is a kinematic region previously unexplored by previous CMS searches,
and a heavy pseudoscalar boson with mass lower than 1.1 TeV and 1.2 TeV is excluded in the
cos(b � a) = 0.25 and tan b = 1 scenario. A significant reduction of the allowed parameter
space is also placed on the Z’-2HDM model that includes a dark matter candidate, excluding
a Z0 boson mass up to 3.2 TeV, and a pseudoscalar boson A up to 800 GeV in the considered
benchmark scenario, placing the most stringent limits on this model to date.
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tt+DM Combination
✦ Combination of 

dilepton, single-lepton, 
and all-hadronic 
channels


✦ pTmiss is the sensitive 
variable in all cases


✦ Strong pseudoscalar 
mediator limits
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6. Results and interpretation 5

the all-hadronic channel for scalar mediator masses less than about 50 GeV, where the signal
has a soft p

miss
T spectrum, but is typically the least sensitive channel in other regions of the

parameter space.
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Figure 1: Selected p
miss
T distributions in SRs: 2RTT SR for the all-hadronic (left), the `+jets (mid-

dle), and the different flavor, M
``
T2 > 110 GeV SR in dileptonic channel (right). The background

distributions (filled histograms) are obtained after a background-only fit. The expected p
miss
T

distribution for a signal corresponding to a 100 GeV pseudoscalar is overlaid (solid red line).
The last bin contains overflow events. The lower panel shows the ratio of the observed data to
the fitted distribution (points), and the ratio of the pre-fit background expectation to the fitted
distribution (dashed magenta line). The horizontal bars indicate the bin width.

The limits are shown as a function of ma/f and mc in Fig. 2. The contours enclose the region
where the upper limit on µ is less than 1. Due to the narrow width of the mediator, the signal
cross section drops rapidly across the ma/f = 2mc line, from the on-shell to the off-shell region.
Therefore, the exclusion contour runs close to the ma/f = 2mc line but does not cross it. The
observed (expected) upper limits on µ exclude scalar and pseudoscalar masses of 165 (240)
and 223 (318) GeV, respectively, at 95% CL. The observed exclusion is weaker than expected
mainly due to the all-hadronic channel, where the degree of over-prediction a priori in the CRs
is markedly greater than in the SRs.
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Figure 2: The exclusion limits at 95% CL on the signal strength µ computed as a function of
the mediator and DM mass, assuming a scalar (left) and pseudoscalar (right) mediator. The
mediator couplings are assumed to be gq = gc = 1.

The limits on µ are also expressed in terms of the mediator coupling strength to quarks in Fig. 3.
These results are obtained by fixing gc = 1, and then finding the value of gq that corresponds
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the all-hadronic channel for scalar mediator masses less than about 50 GeV, where the signal
has a soft p

miss
T spectrum, but is typically the least sensitive channel in other regions of the

parameter space.
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Figure 1: Selected p
miss
T distributions in SRs: 2RTT SR for the all-hadronic (left), the `+jets (mid-

dle), and the different flavor, M
``
T2 > 110 GeV SR in dileptonic channel (right). The background

distributions (filled histograms) are obtained after a background-only fit. The expected p
miss
T

distribution for a signal corresponding to a 100 GeV pseudoscalar is overlaid (solid red line).
The last bin contains overflow events. The lower panel shows the ratio of the observed data to
the fitted distribution (points), and the ratio of the pre-fit background expectation to the fitted
distribution (dashed magenta line). The horizontal bars indicate the bin width.

The limits are shown as a function of ma/f and mc in Fig. 2. The contours enclose the region
where the upper limit on µ is less than 1. Due to the narrow width of the mediator, the signal
cross section drops rapidly across the ma/f = 2mc line, from the on-shell to the off-shell region.
Therefore, the exclusion contour runs close to the ma/f = 2mc line but does not cross it. The
observed (expected) upper limits on µ exclude scalar and pseudoscalar masses of 165 (240)
and 223 (318) GeV, respectively, at 95% CL. The observed exclusion is weaker than expected
mainly due to the all-hadronic channel, where the degree of over-prediction a priori in the CRs
is markedly greater than in the SRs.
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Figure 2: The exclusion limits at 95% CL on the signal strength µ computed as a function of
the mediator and DM mass, assuming a scalar (left) and pseudoscalar (right) mediator. The
mediator couplings are assumed to be gq = gc = 1.

The limits on µ are also expressed in terms of the mediator coupling strength to quarks in Fig. 3.
These results are obtained by fixing gc = 1, and then finding the value of gq that corresponds
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Angular Dijet Analysis
✦ Using the 𝛘 variable:


✦ ADD: MPl > 8.5-12 TeV; Compositeness: Λ > 9.2-22.4 TeV; Quantum 
black holes: 
MQBH > 5.9-8.2 TeV


✦ Limits on DM mediator complementary with those from diet resonance 
searches (sensitive to large couplings)!
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6 Angular analysis

Di↵erences between the rapidities of two jets are invariant under Lorentz boosts along the z-axis, hence
the following function of the rapidity di↵erence y⇤,

� = e2|y⇤ | ⇠ 1 + cos ✓⇤

1 � cos ✓⇤
,

is the same in the detector frame as in the partonic center-of-mass frame. The variable � is constructed
such that, in the limit of massless parton scattering and when only t-channel scattering contributes to the
partonic cross-section, the angular distribution dN/d� is approximately independent of � [68].

In the center-of-mass frame, the two partons have rapidity ±y⇤. A momentum imbalance between the
two incident partons boosts the center-of-mass frame of the collision with respect to the laboratory frame
along the z direction by

yB = ln (xi/x j) = (y1 + y2)/2,

where yB is the rapidity of the boosted center-of-mass frame, xi and x j are the fractions of the proton
momentum (Bjorken x) carried by each incident parton, and y1 and y2 are the rapidities of the outgoing
partons in the detector frame. The measured shapes of the observed dN/d� distributions di↵er from the
parton-level distributions because the observed ones convolve the parton-level distributions with non-
uniform parton momentum distributions in xi and x j, and also contain some admixture of non-t-channel
processes. Restricting the range of the two-parton invariant mass and placing an upper bound on yB
reduces these di↵erences.

The dN/d� (angular) distributions of events with |y⇤| < 1.7 and |yB| < 1.1 are analyzed for contributions
from BSM signals. The data with m j j < 2.5 TeV are discarded to remove trigger ine�ciencies which
otherwise arise due to the loosened y⇤ selection compared to the resonance analysis. The dataset is then
analyzed by fitting to it a Pythia MC sample acting as an SM template as explained below. This sample
is simulated as described in Section 4, including the aforementioned corrections. Figure 2 shows the
angular distributions of the data in di↵erent m j j ranges starting from 3.4 TeV, the SM prediction for the
shape of the angular distributions after it is fit to data, and examples of the signals described in Section 7.
In the statistical analysis, MC simulation is normalized to data; in Figure 2 both the MC simulation and
the data are normalized to unit integral in each m j j range for clarity of display.

Theoretical uncertainties in simulations of the angular distributions from QCD processes are estimated as
described in Ref. [23].4 The e↵ect of varying the choice of PDF sets on the multijet prediction is estimated
using NLOJET++ with three di↵erent PDF sets: CT10 [69], MSTW2008 [70] and NNPDF2.3 [46]. As
the choice of PDF mainly a↵ects the total cross-section rather than the shape of the � distributions, these
uncertainties are negligible (< 1%) in this analysis. The uncertainty due to the choice of renormalization
and factorization scales is estimated using NLOJET++ by varying each one independently up and down
by a factor of two. The resulting uncertainties, taken as the variations in the normalized � distributions,
depend on both m j j and � and rise to 12% (8%) for the renormalization (factorization) scale, at the
smallest � values and high m j j values. The statistical uncertainty in the simulated NLO corrections is
less than 1%. The dominant experimental uncertainty in the predictions of the � distributions is the jet

4 Uncertainties in electroweak corrections are not yet available and so are not included.
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Figure 1: Normalized cdijet distributions in the three highest mass bins. Unfolded data are
compared to NLO predictions (black dotted line). The error bars represent statistical and ex-
perimental systematic uncertainties combined in quadrature. The ticks on the error bars corre-
spond to the experimental systematic uncertainties only. Theoretical uncertainties are indicated
as a gray band. Also shown are the predictions for various CI, ADD, QBH, and DM scenarios.
The lower panels show the ratio of the unfolded data distributions and NLO predictions.
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Figure 3: The 95% CL upper limits on the quark coupling gq, as a function of mass, for an axial-
vector or vector DM mediator with gDM = 1.0 and mDM = 1 GeV. The observed limits (solid),
expected limits (dashed) and the variation in the expected limit at the 1 and 2 standard devi-
ation levels (shaded bands) are shown. A dotted horizontal line shows the coupling strength
for a benchmark DM mediator with gq = 1.0. The corresponding limits on the width of the
mediators are shown on the vertical axis on the right-hand side of the figure.

perturbative quantum chromodynamics. The results are used to set 95% confidence level lower
limits on the contact interaction scale for a variety of quark compositeness models, the ultravi-
olet cutoff in models of extra spatial dimensions, the minimum mass of quantum black holes,
and the mass and couplings in dark matter models. For the first time, lower limits between 2.0
and 4.6 TeV are set on the mass of a dark matter mediator for (axial-)vector mediators, for the
universal quark coupling gq � 1. This region is not accessible through dijet resonance searches.
The lower limits for the contact interaction scale L range from 9.2 to 22.4 TeV. The lower lim-
its on the ultraviolet cutoff in the Arkani–Hamed–Dimopoulos–Dvali model are in the range
of 8.5–12 TeV, and are the most stringent limits available. Quantum black hole masses below
8.2 TeV are excluded in the model with six large extra spatial dimensions, and below 5.9 TeV in
the Randall–Sundrum model with a single, warped extra dimension. To facilitate comparisons
with the predictions of other models, the angular distributions, corrected to particle level, are
published in HEPData.
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Figure 13: The 95% CL upper limits on the universal quark coupling g
0
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onance mass for a leptophobic Z0 resonance that only couples to quarks. The observed limits
(solid), expected limits (dashed) and their variation at the 1 and 2 standard deviation levels
(shaded bands) are shown. The dotted horizontal lines show the coupling strength for which
the cross section for dijet production in this model is the same as for a DM mediator (see text).

Fig. 13 with a coupling g
0
q = gq = 0.25. Therefore, for these values of mDM the limits on

the mediator mass in Fig. 14 are identical to the limits on the Z0 mass at g
0
q = 0.25 in Fig. 13.

Similarly, if mDM = 0, the limits on the mediator mass in Fig. 14 are identical to the limits on
the Z0 mass at g

0
q = gq/

p
1 + 16/(3Nf ) ⇡ 0.182 in Fig. 13. Here Nf is the effective number of

quark flavors contributing to the width of the resonance, Nf = 5 +
p

1 � 4m
2
t /M

2
Med, where mt

is the top quark mass.

5.2 Limits on the coupling to quarks of a narrow DM mediator

In Fig. 15 limits are presented on the coupling gq as a function of mDM and MMed. The limits
on gq decrease with increasing mDM, again because the branching fraction to qq increases with
mDM. The minimum value of excluded gq at a fixed value of MMed is obtained for mDM greater
than MMed/2.

In Figs. 13 and 15 we show exclusions from the narrow resonance search as a function of res-
onance mass and quark coupling up to a maximum coupling value of approximately 0.4, cor-
responding to a maximum resonance mass of 3.7 TeV. At larger values of coupling the natural
width of the resonance influences significantly the observed width and our narrow resonance
limits become noticeably less accurate. In the next section we quantify more precisely the ac-
curacy of our narrow-resonance limits, extend them to larger widths, and extend the limits on
a dark matter mediator to higher masses and couplings.
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Future Run 2 Searches
✦ Parton luminosity arguments shaped the searches program in 

2015-2018:

๏ Look for high-mass singly or pair-produced objects:


✤ Gluinos, squarks (SUSY)

✤ Z’, W’, dijet, tt, and diboson resonances, vector-like quarks, leptoquarks, 

black holes (Exotica)

✦ The situation has finally changed after 2016, since the data 

doubling time from now on for the first time would exceed 1 
year, approaching a "lifetime" of a graduate student


✦ Expect more sophisticated searches in complicated final states 
that haven't been explored before, using advanced analysis 
techniques, ISR and VBF probes, etc.


✦ The LHC searches are moving away from the lampposts (both 
theoretical and experimental) and enter really unprobed 
territory
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Conclusions

New Physics - 
WHERE ARE 

YOU???
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