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Abstract

A search for new physics is performed using events with jets and the Mr; variable,
which is a measure of the transverse momentum imbalance in an event. Results are
based on a sample of proton-proton collisions collected at a center-of-mass energy of
13 TeV with the CMS detector and corresponding to an integrated luminosity of 2.2
fb~1. No excess above the standard model background is observed. The results are
interpreted as limits on the masses of potential new colored particles in a variety of
simplified models of supersymmetry.
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1 Introduction

Searches for new physics based on final states with jets and large transverse momentum im-
balance are sensitive to broad classes of new physics models, including supersymmetry. Such
searches were previously conducted by both the ATLAS [1, 2] and CMS [3-7] collaborations
using datasets of 8 TeV proton-proton (pp) collisions. No excess above Standard Model (SM)
expectations was observed and the results of these earlier searches were used to place lower
limits on the masses of pair produced colored particles near the TeV scale for a broad range of
production and decay scenarios. These searches provide some of the most stringent constraints
on the production of supersymmetric particles and are particularly interesting at this time as
they will be some of the earliest and largest beneficiaries of the increase in LHC beam energy.

In this note we present the result of a search for new physics in events with jets and significant
transverse momentum imbalance. The search was performed on a dataset corresponding to an
integrated luminosity of 2.2 fb~! of pp collisions collected at a center-of-mass energy of 13 TeV
with the Compact Muon Solenoid (CMS) detctor at the LHC. This search builds upon previous
searches at 7 and 8 TeV with a similar final state selection [3, 8].

In this analysis, we select events with at least one jet and veto events with an identified lepton.
The number of observed events in signal regions defined by the number of jets, the number of
b-tagged jets, the scalar sum of jet transverse momenta (Hr), and the stransverse mass (Mr2) [9]
is compared with the SM expectation. We observe no evidence for an excess above the expected
background from SM processes and interpret the results as limits on the production of gluino
pairs using simplified models of supersymmetry.

2 Event selection and Monte Carlo simulation

Event reconstruction is based on the particle-flow (PF) algorithm [10, 11], which combines in-
formation from the tracker, calorimeter, and muon systems to reconstruct and identify charged
and neutral hadrons, photons, muons and electrons. To select collision events we require at
least one reconstructed vertex. If more than one vertex is reconstructed, we designate as the pri-
mary vertex the one for which the sum p? of the associated particle-flow candidates is largest.
Neutral particles and charged particle-flow candidates associated to the primary vertex are
clustered into jets using the anti-kt algorithm [12] with a size parameter 0.4.

The jet energy is calibrated using the standard set of corrections, similar to the procedure used
during the 8 TeV run [13]: L1, an offset correction accounting for neutral energy arising from
both in-time and out-of-time pile-up interactions and the area of the reconstructed jet; L2, a
relative correction that makes the jet response uniform in pr and #; L3, an absolute correction
that restores the average jet energy response to unity; and a residual L2L3 correction, applied
to account for remaining data/MC disagreement.

Jets originating from b-quarks are identified by the combined secondary vertex (CSV) algo-
rithm. We use a working point with a tagging efficiency of approximately 65% for jets origi-
nating from b-quarks typical in top pair events and a corresponding mis-tag rate for jets orig-
inating from light flavor quarks of about 1.5% [14]. The transverse hadronic energy, Hr, is
defined as the scalar sum of the jet transverse momenta while the missing transverse hadronic
momentum, HIS, is obtained from the negative vector sum of the momenta of the same jets.
The transverse momentum imbalance (EX$*), whose magnitude EMiss js commonly referred to
as MET, is defined as the negative vector sum of all reconstructed charged and neutral particle-
flow candidates.
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Electron candidates are reconstructed as a cluster of energy deposits in the electromagnetic cal-
orimeter matched to signals in the silicon tracker. We identify electrons by loose requirements
on the shape of these energy deposits, on the ratio of energy in associated hadron and elec-
tromagnetic calorimeter cells (H/E), on the geometric matching between the energy deposits
and the associated track, and on consistency between the energy reconstructed from calorime-
ter deposits and the momentum measured in the tracker [15]. We additionally require that the
associated track is consistent with originating from the primary vertex.

Muon candidates are reconstructed by identifying signals from the CSC, DT and RPC sub-
systems together with those from the silicon tracker. Candidates are required to be identified
as either global or tracker muons [16] as well as muons by the particle-flow algorithm. The
associated silicon track is required to be consistent with originating from the primary vertex.

Lepton isolation is determined using a cone size dependent on the lepton pr according to Eq. 1.
The isolation sum is calculated using neutral and charged particle-flow candidates and is cor-
rected for the effects of pile-up.
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Photon candidates, used in the estimation of the Z — vv background, are reconstructed from
deposits in the electromagnetic calorimeter and selected by making requirements on the shower
shape (07i,), the ratio H/E, and by requiring that the sum pr of charged hadrons is less than
2.5 GeV within an isolation cone of AR < 0.3.

2.1 Baseline event selection

We select events with ETs5 > 30 GeV and count the number of jets with pr > 30 GeV, ||
< 2.5, passing loose requirements on the jet composition designed to reject hadronic objects
arising from noise and failures of the event reconstruction [17]. When counting the number of
jets identified as originating from b-quarks, we relax the pr threshold to 20 GeV to increase
sensitivity to potential signal scenarios with a compressed mass spectrum. For events with
at least two reconstructed jets, we start with the pair having the largest di-jet invariant mass
and iteratively cluster all selected jets using a hemisphere algorithm that minimizes the Lund
distance measure [18, 19] until two stable pseudo-jets are obtained. The resulting psuedo-jets
together with the EXsS are used to determine the stransverse mass. A detailed discussion of
the M, variable and its properties as used in this and previous searches can be found in [8].

To suppress the background from SM multi-jet production, we require an M, value of at least
200 GeV in events with at least two reconstructed jets. Even after this requirement, a residual
component with large Mr; value, arising primarily from jet under-measurement, remains. To
protect against jet mis-measurement, we thus require that the minimum difference A¢min in
azimuthal angle between the I:f‘%‘iss vector and each of the leading four jets is greater than 0.3
radians. For the purpose of the A¢min calculation only, we consider jets up to |y| < 4.7. Ad-
ditionally, we require that the magnitude of the vector difference in the transverse momentum
imbalance determined using jets and all particle flow candidates is not too large: [T

[Emiss

0.5. The latter protects against large imbalances arising from reconstructed objects with pr <
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30 GeV or || > 2.5. Finally, events with possible contributions from beam halo processes or
anomalous noise in the calorimeter are rejected using dedicated filters [20].

To reduce the background from SM processes with genuine EMS arising from the decay of a W
boson, we reject events with an identified electron or muon with pr > 10 GeV, || < 2.4. Only
electrons (muons) with a relative isolation, as defined by Eq. 1, less than 0.1 (0.2) are considered
in the veto. An event is also vetoed if it contains an isolated, charged particle-flow candidate. If
the charged candidate is identified as a PF electron or muon, we veto the event if the candidate
has pr > 5 GeV, |dz| < 0.1 with respect to the PV, and a relative track isolation of less than 0.2.
If the charged candidate is identified as a PF hadron, we veto the event only if the candidate
has pr > 10 GeV, |dz| < 0.1, and a relative track isolation of less than 0.1. In all cases, the track
isolation is calculated using all charged particle-flow candidates within a cone AR < 0.3 and
|dz| < 0.1 with respect to the PV. To avoid loss of efficiency in potential signals with large jet
multiplicities, we only veto events if the transverse mass formed by the isolated, charged PF
candidate and the EMS s less than 100 GeV.

Collision events are selected using triggers with varied requirements on the Hr, EMS and
HT'sS. Table 1 summarizes the triggers and corresponding offline selections used in this analy-
sis, after which the triggers are found to be > 98% efficient.

Table 1: The three signal triggers and the corresponding offline selections.

online trigger selection offline selection
Hr >800GeV Hr >1000 GeV & ET'** >30 GeV
Hy >350GeV & ETiss >100 GeV Hy >450 GeV & EXss >200 GeV
EMiss >90 GeV & HMSS >90 GeV & 1 jet passing Tight ID | Hr >200 GeV & EXss >200 GeV

2.2 Signal regions

Signal regions are defined separately for events with exactly one jet passing the counting crite-
ria above and those with two or more. Events with at least two jets are categorized based on
the Hr, Nj, Ny, as follows:

e 5bins in Hr: [200,450], [450, 575], [575, 1000], [1000, 1500], [1500,00]
These bins are also referred to as very low Hr, low Hr, medium Hr, high Hr, and
extreme Hr regions.

e 11 bins in Nj and Ny: 2-3j Ob, 2-3j 1b, 2-3j 2b, 4-6j Ob, 4-6j 1b, 4-6j 2b, >7j Ob, >7j 1b,
>7j 2b, 2-6j >3b, >7j >3b

Each bin defined by the Hr, Nj, Ny, requirements above is referred to as a topological region and
we further divide each topological region in bins of Mr,.

e 3 bins in Mr; at Very Low Hr: [200,300], [300,400], [400,c0]
4 bins in M7, at Low Hr: [200,300], [300,400], [400,500], [500,00]
5 bins in M7, at Medium Hr: [200,300], [300,400], [400,600], [600,800], [800,00]
5 bins in M, at High Hr: [200,400], [400,600], [600,800], [800, 1000], [1000,00]
5 bins in M1, at Extreme Hry: [200,400], [400,600], [600,800], [800,1000], [1000,c0]

For events with Nj == 1, the Mr; variable is not defined. We instead opt for a simpler strategy
with signal regions defined by the pr of the jet and Ny:
e Np: Ob, >1b

e 7binsinjet pr: [200,250], [250,350], [350,450], [450,575], [575,700], [700,1000], [1000,0]
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Within each topological or N}, categorization, we merge Mr; or jet pr bins, respectively, which
are expected to contain less than one background event. All the edges of the previous Hr, Mr3,
and pr signal regions are expressed in GeV.

2.3 Monte Carlo simulation

Monte Carlo (MC) simulations including pile-up are used in the estimate of some of the SM
backgrounds (see Section 3), as well as to calculate the efficiency for various new physics sce-
narios. In this analysis, SM background samples and signal samples of gluino and squark pair
production are generated with Madgraph V5 [21] interfaced with Pythia V8.1 [22]. Standard
model processes are simulated using a Geant4-based model [23] of the CMS detector. The
simulation of new physics signals is performed using the CMS fast simulation package [24].
All simulated events are processed with the same chain of reconstruction programs used for
collision data.

3 Backgrounds

There are three sources of SM background to potential new physics signals in a jets plus ETss
final state:

e “lostlepton”, i.e. events with a lepton from a W decay where the lepton is either out
of acceptance, not reconstructed, not identified, or not isolated. This background
comes from both W-jets and tt+jets events and thus is one of the dominant back-
grounds in nearly all search regions. It is estimated using a one lepton control sam-
ple obtained by inverting the lepton veto in each topological region.

e “irreducible”, i.e. Z-+jets events where the Z boson decays to neutrinos. This back-
ground is most similar to potential signals. It is a major background in nearly all
search regions, its importance decreasing with the Ny, requirement. This background
is estimated using a y-+jets control sample for each topological region.

e “instrumental background”, i.e. mostly QCD multi-jet events with no real Ess,
These events enter a search region due to either significant jet momentum over-
measurement, under-measurement, or sources of anomalous noise. To suppress this
background we make the selections described in Section 2.1 after which it is sub-
dominant in almost all search regions. The background is estimated from a control
sample obtained by inverting the A¢min requirement in each topological region.

3.1 Estimation of the background from leptonic W boson decays

Single lepton control regions are used to estimate this background, arising predominantly from
W-jets and tt+jets processes. Control region events are selected using the same triggers as
for signal regions and the baseline selections of Section 2.1 are applied with the exception of
the lepton veto. Instead we require exactly one candidate passing the veto lepton or PF lepton
selections (e or y only). We additionally require Mt (cand, EFsS) < 100 GeV to reduce potential
signal contamination.

Selected events are further subdivided into the categories described in Section 2.2, binning the
single lepton control regions in the Hr, Nj, and N dimensions but not in Mr, to preserve
statistics. The binning in Nj and Ny, is the same as the signal regions except for signal bins
with >7j,>1b. These are all predicted using control region bins with the same Hr selection as
the signal bin and >7j,1-2b. This is motivated by the low control region statistics in bins with
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>7j,>2b as well as potential signal contamination in bins with >7j,>3b. For events with N; =
1, one control region is defined for each bin of jet pr.

The background in each signal bin is obtained from the corresponding single lepton control
region by the application of transfer factors according to the following equation:

N§R (M) = NR (Hr, Nj,Np,) x ROZY (Hr, Nj, Np) % knc (Mr2) ()

The transfer factors are obtained from MC and corrected for measured differences between
data and simulation. The population of events for which we fail to reconstruct or identify
an isolated lepton candidate is obtained via the factor Rf/fc/w (Hr,Nj,Np), which accounts for
lepton acceptance and efficiency and the expected contribution from the decay of W bosons to
hadrons through an intermediate T lepton. The fraction of events in each topological region
expected to populate a particular Mr; bin, kyc (Mr2), is used to obtain the estimate in each
search bin.

The transfer factors used in the background estimate are obtained from simulation. Normaliza-
tion to data control regions reduces reliance on the MC modeling of most kinematic quantities
except notably Mr;. The uncertainty on the fraction of events in a particular Mr; bin is evalu-
ated in simulation by variations of the most important experimental and theoretical quantities.
Reconstruction uncertainties, assessed by varying the tagging efficiency for b-quarks and by
evaluating the impact of variations in jet response on the counting of jets and b-tagged jets,
EIT’“iss and Mr;, are typically found to be less than 10%, but can reach as much as 40% in some
bins. Variations in the renormalization and factorization scales, PDF sets and the relative com-
position of W+jets and tt-+jets are performed to assess the dominant theoretical uncertainties
which are found to be as large as 30%.

The MC modeling of Mr; is checked in data using high statistics control regions enriched in
events originating from either W+jets or tf+jets as shown in the left and right panels of Fig-
ure 1, respectively. An additional check is performed by comparing the standard estimate with
that obtained by replacing the factor kyic (Mr2) with an extra dimension in the binning of the
control region: N{R (Hr, Nj, Np, Mr2). The two estimates agree to the extent permitted by the
available control region statistics.

The single lepton control region typically has 1-2 times as many events expected as compared
to the corresponding signal region. The statistical uncertainty on this yield ranges from 1-
100%, depending on the region, and is propagated to the final estimate. The transfer factor
R%C/M also depends on the MC modeling of the lepton veto and Mr cut efficiencies. Tag and
probe with Z — (T{~ events is used to evaluate the MC modeling of lepton efficiencies and
the resulting uncertainty propagated to the background estimate is found to be as large as 10%,
representing the dominant uncertainty on the factor RS[(C/M . The Mr cut efficiency is cross-
checked using a similar sample and removing one of the leptons to mimic events where the
W decays to a lepton. Finally, the uncertainty on the MC modeling of the lepton acceptance,
assessed by varying the renormalization and factorization scales and PDF sets as well as the
b-tagging efficiency and the jet energy scale, is typically less than 10% although it can be as
large as 40% in some bins.

3.2 Estimation of the background from Z(v7v)+jets

The Z — vv background is obtained from a <y-+jets control sample selected using a single
photon trigger. We select events where the photon has pr > 180 GeV, |y| < 2.5 to mimic
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Figure 1: Shape comparison between simulation and data for the Mr, observable. The left and
right panels correspond to W+jets and tf+jets enriched control samples, respectively.
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the implicit requirement on the pr of the Z boson arising from the baseline selection M7, >
200 GeV. The full baseline selection requirements are made based on kinematic variables re-
calculated after removing the photon from the event to replicate the Z — vv kinematics.

Adopting a similar strategy as that used for the estimate of the lost lepton background, selected
events are further sub-divided into the categories described in Section 2.2, binning the photon
control regions in the Hr, Nj, and N, dimensions but not in Mr, to preserve statistics. For
events with Nj = 1, one control region is defined for each bin of jet pr. The background in each
signal bin is obtained by the application of transfer factors according to Eq. 3:

NSR, 5 (Mr2) = NSR (Hr,Nj,Ny) x P, x f x RGY (Hr, Nj,Ny) x knic (Mr2) (3)

The prompt photon purity, P,, is measured in data by performing a template fit of the charged
hadron isolation distribution for each Hr, Nj, and N}, region. The signal shape is obtained
from data by measuring the charged hadron isolation in random cones well-separated from
the photon and any jets. The background shape also comes from data using a sideband in 0;;;,.
A prompt photon purity of 90-100% as measured in data is well-reproduced by simulation as
seen in the left panel of Figure 2. A separate determination of the prompt photon purity using
a tight-to-loose ratio method obtained from the charged isolation sideband is found to yield
consistent results.

The Z — vv background in each bin of Hr, Nj, and N}, is obtained from the corresponding

photon control region yield via the factor Rf,[/g, which accounts for the photon acceptance and

efficiency and the relative cross sections for the production of Z+jets and y+jets events. The

ratio Rf,[/g is obtained from simulation and validated in data using Z — ¢* ¢~ events. The right

panel of Figure 2 shows the double ratio, Rg:tf[/ T/ Rf/EM/ 7, in bins of Hr. The double ratio

shows no significant trend and a correction factor of 0.95 is applied to Rf/l/g to account for the
observed deviation from unity. The fraction of events in each topological region expected to
populate a particular M, bin, kyic (Mr2), is used to obtain the estimate in each search bin.

The ratio Rf/[/g is obtained from 7y+jet events simulated with Madgraph with an implicit re-
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Figure 2: The left plot shows the photon purity measured in data for the single photon control
sample compared with the values extracted from simulation. The right plot shows R(Z/7)
the Z/+ ratio in simulation and data as a function of Hr, and the corresponding double ratio
(bottom panel).

quirement AR > 0.4 between the prompt photon and the nearest parton. As no such require-
ment can be made in data, a correction factor f = 0.92 as determined from studies with Mad-
graph+Pythia and Pythia QCD samples is applied to account for the fraction of selected pho-
tons passing the AR requirement.

As for the estimate of the single lepton background, normalization to data control regions re-
duces reliance on the MC modeling to a single dimension, Mr,. The uncertainty on the fraction
of events in a particular Mr; bin is evaluated in simulation by variations of the most important
experimental and theoretical variables. Theoretical uncertainties represent the largest contri-
bution and are assessed by variations of the renormalization and factorization scales and PDF
sets. Smaller contributions from reconstruction uncertainties are determined by varying the
tagging efficiency for b-quarks and by evaluating the impact of variations in jet response on
the counting of jets and b-tagged jets, EX' and Mr,. Experimental and theoretical uncertain-
ties on kyic (Mrz) total as much as 30% at large values of M.

The MC modeling of Mr; is checked in data using high statistics control samples of y-+jets and
W — lv events. Figure 3 shows good agreement between the Mr, distribution obtained from
v and W data control samples with that from Z — vv MC in the medium Hr and high Hr
regions. In this comparison, the 7y sample is corrected based on P,, f and Rf,[/g, while the W
sample is corrected for top contamination and Rf/[/cw. An additional check is performed by
comparing the standard estimate with that obtained by replacing the factor kyic (Mr2) with an
extra dimension in the binning of the control region: NSR (Ht,Nj, Ny, M17). The two estimates
agree to the extent permitted by the available control region statistics.

The single photon control region typically has 2-3 times as many events expected as compared
to the corresponding signal region. The statistical uncertainty on this yield ranges from 1-100%,
depending on the region, and is propagated to the final estimate. The dominant uncertainty on
the MC modeling of RI%,I/CW comes from the validation of the ratio using Z — ¢ ¢~ events. One-
dimensional projections of the double ratio are constructed — separately in bins of the number

of jets (Figure 2, right), number of b-tagged jets and Hr — and an uncertainty on Rf,[/g in each
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Figure 3: The shape of the Mr; distribution from Z — vv simulation compared to shapes
extracted from 7y and W data control samples in the medium Hrt and high Hr regions.

bin of Hr, N;, and Ny, is determined by adding in quadrature the corresponding uncertainty on
the ratio R /7 in background subtracted data. As insufficient statistics are available to eval-
uate the double ratio for regions with N}, > 3, we conservatively assign twice the uncertainty
obtained for the corresponding Nj, = 2 bin. This uncertainty ranges from 10-100% depend-
ing on the search region. An additional 11% uncertainty on the transfer factor based on the
observed offset of the double ratio from unity is added in quadrature with the above.

The uncertainty on the measurement of the prompt photon purity includes a statistical con-
tribution from yields in the isolation sideband that is typically 5-10% but can reach as much
as 100% for extreme search regions. Additional uncertainties due to variations in purity from
modifications of the signal and background templates and non-closure of the method observed
in tests with simulation amount to another 5%. Finally, an uncertainty of 8% is assigned to
cover differences in the correction fraction f observed between Madgraph+Pythia and Pythia-
only simulation.

3.3 Estimation of the multi-jet background

The multi-jet background consists predominantly of QCD events, but also includes contribu-
tions from the production of top-quark pairs or vector bosons decaying to hadrons. Though
this background is expected to be small after requiring M7, > 200 GeV, we have developed a
method based on data control samples to estimate any residual background. For events with
at least two jets, a mutli-jet enriched control region is obtained in each Hr bin by inverting the
A¢min requirement described in Section 2.1. For the high and extreme Hr bins, control region
events are selected using the same trigger as for signal events. For lower Hr regions, the on-
line ETsS requirement precludes the use of the signal trigger and the control sample is instead
selected using pre-scaled Hy triggers.

The extrapolation from low to high A¢miy is based on the following ratio:
r¢(Mrt2) = N(Apmin > 0.3)/N(Apmin < 0.3). 4)

Studies in simulation show the ratio to be well described by a power law function, a - M%,.
The parameters a,b are determined separately in each Hr bin by fitting the ratio ry(Mr,) in
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Figure 4: Distribution of the ratio 7, as a function of Mr; for the high Hr region. The fit is per-
formed to the hollow, background-subtracted data points. The full points represent the data
before subtracting non-QCD backgrounds using simulation. Data point uncertainties are sta-
tistical only. The red line and the band around it show the fit to a power-law function perfomed
in the window 70 < M1, < 100 GeV and the associated fit uncertainty.

a sideband in data, i.e. 60 < M7y < 100GeV, after subtracting non-QCD contributions using
simulation. For the high and extreme Hr regions, the fit is performed in a slightly narrower
Mr; window with the lower edge increased to 70 GeV. An example in the high Hr region
is shown in Figure 4. The inclusive multi-jet contribution in each Hr region, N3k (Mr,), is
estimated using the ratio r4(Mr2) measured in the Mr, sideband and the number of events in
the low A¢min control region, N, CR (Mrs):

inc

NiR (Mr2) = NER - 79 (Mr2). ©)

From the inclusive multi-jet estimate in each Hr region, the predicted background in bins of
Nj, Ny, is obtained from the following equation

NP (Mr2) = N (Mra) - f; (Hr) -7 (Nj), (6)

where f] is the fraction of QCD events falling in bin Nj, and 7y, is the fraction of all events in
bin Nj that fall in bin Np,. Simulation indicates that f; and r, attain similar values in low and
high A¢min regions and that the values are independent of Mr;. We take advantage of this
to measure the values of f;, 7, using events with Mr, between 100-200 GeV in the low A¢min
sideband, where f; is measured separately in each Hy bin while r;, is measured in bins of N;,
integrated over Hr, as rp is found to be independent of the latter. Values of f;, r, measured in
data are shown in Figure 5 compared to simulation.

An estimate based on r4(Mr2) is not viable in the mono-jet search region so a different strategy
must be employed. A control region is obtained by asking for a second jet with 30 < pr <
60 GeV and inverting the A¢min requirement. After subtracting non-QCD contributions using
simulation, the data yield in the control region is taken as an estimate of the background in
the mono-jet search regions. As the likeliness of jet under-measurement is a steeply falling
function of the degree of mis-measurement, the estimate obtained in this way is expected to be
conservative. Closure tests in MC indicate a small over-estimation but the multi-jet background
is not expected to exceed 8% in any mono-jet search region.
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Figure 5: Values of f; (left) and r; (right) measured in data after requiring A¢min < 0.3 radians
and 100 < M1, < 200 GeV. The bands represent both statistical and systematic uncertainties.

Statistical uncertainties due to the event yields in the control regions, where the r¢(MT2) fit
is performed and the f; and r, values are measured, are propagated to the final estimate. A
variation of 50% on the non-QCD background that is subtracted from the control region is
propagated to the final uncertainty on r4(Mr2). The invariance of fj with M, and r, with M
and Hr is evaluted in simulation and residual differences are taken as additional uncertainties.
An additional uncertainty is assigned to cover the sensitivity of the ry value to variations in the
tit window. These variations result in an uncertainty that increases with M, and ranges from
15-200%. The total uncertainty on the estimate covers the differences observed in closure tests
based on simulation and in a validation based on data. The latter is performed in the 100 <
Mrt; < 200 GeV sideband. For the mono-jet regions, the statistical uncertainty from the data
yield in the trailing jet pr sideband is combined with a 50% systematic uncertainty in all bins.

3.4 Alternative multi-jet background estimation

As a cross-check, the multi-jet background is also estimated using the “rebalance and smear”
(R&S) method described in Ref. [25]. The method is not yet well understood for kinematical
regions where the dominant multi-jet background contribution is from lost jets, and therefore it
is not used for the mono-jet selection. It is also not applied to the very-low-HT region because
of lack of statistics in the relevant QCD data sample due to the high trigger prescales at very
low HT.

The performance of the method has been tested in QCD Monte Carlo, as well as data control
regions defined by inverting the A¢min requirement or by selecting a sideband of Mr; (i.e.
100 GeV <M, <200GeV). Based on these studies, we assign total systematic uncertainties of
50% (low-HT and medium-HT) and 40% (high-HT and extreme-HT) on the R&S background
predictions for the My >200GeV selections. These uncertainties also include a small (<7%)
uncertainty due to the contamination from EWK events to the QCD data sample used in the
R&S procedure.

In Figure 6 we compare the QCD predictions from the R&S method and the method described
in Section 3.3, which is the default multi-jet estimation method used in this analysis. The level
of agreement between the two methods serves as a further validation of the QCD estimation.
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Figure 6: Comparison of the data-driven predictions of the multi-jet background in the top-
pological regions (M2 >200GeV) from the R&S method and the A¢min-ratio method. The
uncertainties are statistical and systematic. Within each of the four Hy categories, all the esti-
mates from the A¢min-ratio method are correlated because they are derived from the same fit
to the A¢min-ratio data.

4 Results

A summary of the results of this search is shown in Figure 7. No significant deviations are
observed from standard model expectations. Each bin in the upper panel corresponds to a
single Hr, Nj, Ny, search region integrated over Mr;. The lower panel further breaks down
the background estimates and observed data yields into Mr; bins for the medium Hy region.
Summary distributions for the remaining Hr regions can be found in Appendix A.

4.1 Interpretation

The results of the search may be used to constrain specific models of new physics such as those
shown in Figure 8.

For a given signal scenario, limits are derived by combining search regions using a modified
frequentist approach [26-29]. Typical values of the uncertainties considered on the signal yield
are listed in Table 2. The largest uncertainties come from MC statistics, b-tagging efficiency, and
for model points with small mass splittings, the recoil “ISR” uncertainty [30]. The uncertainty
on acceptance due to the renormalization and factorization scales was found to be relatively
small and a flat value of 5% is taken. The uncertainties due to variations of the PDF set and
jet energy scale were found to be compatible with statistical fluctuations for bins with lower
MC statistics, so flat values of 10% and 5% are taken respectively, motivated by high statistics
search bins. Uncertainties due to the luminosity, “ISR” recoil, and b-tagging and lepton effi-
ciencies are treated as correlated across search bins. Figures 9-11 shows exclusion limits at 95%
confidence level for gluino mediated bottom-squark, top-squark production, and light-flavor
squark production, respectively. The analysis probes gluino masses up to 1725 GeV and the
mass of the lightest neutralino (LSP) up to 1100 GeV.
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Figure 7: (Above) Comparison of estimated background and observed data events in each
topological region. Hatched bands represent the full uncertainty on the background estimate.
(Below) Same for individual Mr; signal bins in the medium Hr region. On the x-axis, the Mr»
binning is shown (in GeV). Bins with no entry for data have an observed count of 0.

5 Summary

This note presents the result of a search for new physics using events with jets and the Mr;
variable. Results are based on a 2.2 fb~! data sample of proton-proton collisions at /s =
13 TeV collected with the CMS detector. No significant deviations from the standard model
expectations are observed. Results with this first year of data already extend sensitivity to the
production of new, massive colored particles beyond that achieved in Run 1. We probe gluino
masses up about 1725 GeV and LSP masses up to 1100 GeV, extending the reach of Run 1
searches by more than 300 GeV.
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Figure 8: Diagrams for the three scenarios of gluino mediated bottom squark, top squark and
light flavor squark production considered.

Table 2: Typical values of the signal systematic uncertainties as evaluated for the T1bbbb signal
model. Uncertainties evaluated on other signal models are consistent with these ranges of

values.

Source Typical Values
Luminosity 4.6%

MC statistics 1-100%
Renormalization and factorization scales 5%
Parton distribution functions 10%
“ISR” recoil 0-30%
B-tagging efficiency, heavy flavor 0-40%
B-tagging efficiency, light flavor 0-20%
Lepton efficiency 0-20%

Jet energy scale 5%
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Figure 9: Exclusion limit at 95% CL for gluino mediated bottom-squark production. The area to
the left of and below the thick black curve represents the observed exclusion region, while the
dashed red lines indicate the expected limit and +1 standard-deviation. The thin black lines
show the effect of the theoretical cross section uncertainties.
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Figure 10: Exclusion limit at 95% CL for gluino mediated top-squark production. The area to
the left of and below the thick black curve represents the observed exclusion region, while the
dashed red lines indicate the expected limit and +1 standard-deviation. The thin black lines
show the effect of the theoretical cross section uncertainties.
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Figure 11: Exclusion limit at 95% CL for gluino mediated squark production, where the squark
can be any of the first two generations. The area to the left of and below the thick black curve
represents the observed exclusion region, while the dashed red lines indicate the expected limit
and +1 standard-deviation. The thin black lines show the effect of the theoretical cross section
uncertainties.
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Figure 12: (Above) Comparison of the estimated background and observed data events in each
signal bin in the mono-jet region. On the x-axis, the Hr binning is shown (in GeV). Hatched
bands represent the full uncertainty on the background estimate. (Below) Same for the very
low Hr region. On the x-axis, the Mr; binning is shown (in GeV). Bins with no entry for data

have an observed count of 0.
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ground estimate. Same for the high (middle) and extreme (bottom) Hr regions. On the x-axis,

the M, binning is shown (in GeV). Bins with no entry for data have an observed count of 0.
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Table 3: Binning in Mr; for each topological region of the multi-jet search regions with very-
low, low, and medium Hry.
Hr Range [GeV] Jet Multiplicities Binning [GeV]
[ 200, 450 ] 2—-3j,0b [ 200, 300, 400, oo ]

2 —3j,1b [ 200, 300, 400, o |
2 —3j,2b [ 200, 300, 400, o |

4 6j,0b [ 200, 300, 400, o |
4-6j,1b [ 200, 300, 400, oo |

4 6j,2b [ 200, 300, 400, oo |

> 7, Ob [ 200, oo ]

> 7, 1b [ 200, o |

> 7, 2b [ 200, o |
2-6j,>3b  [200,300,00]

> 7, > 3b [ 200, oo ]

[450, 575 ] 2 —3j, 0b [ 200, 300, 400, 500, co |
2 —3j,1b [ 200, 300, 400, 500, co |
2 —3j,2b [ 200, 300, 400, 500, co |
4—6j,0b [ 200, 300, 400, 500, co |
4-6j,1b [ 200, 300, 400, 500, co |
4-6j,2b [ 200, 300, 400, 500, co |
> 7, Ob [ 200, o0 ]
> 7, 1b [ 200, 300, oo ]
> 7, 2b [ 200, o0 ]

2-6j,>3b  [200,300,c0]
> 7, > 3b [ 200, oo ]

[575, 1000 | 2 —3j,0b [ 200, 300, 400, 600, 800, o |
2 —3j,1b [ 200, 300, 400, 600, 800, co |
2 —3j,2b [ 200, 300, 400, 600, co |
4 - 6j,0b [ 200, 300, 400, 600, 800, co |
4-6j,1b [ 200, 300, 400, 600, co |
4—6j,2b [ 200, 300, 400, 600, co |
> 7, Ob [ 200, 300, 400, oo |
> 7, 1b [ 200, 300, 400, oo |
> 7, 2b [ 200, 300, 400, o |

2-6j,>3b  [200,300,400, o]
> 7, > 3b [ 200, 300, 400, o |
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Table 4: Binning in Mr; for each topological region of the multi-jet search regions with high
and extreme Hr.
Hr Range [GeV] Jet Multiplicities Binning [GeV]
[ 1000, 1500 ] 2-3j,0b [ 200, 400, 600, 800, 1000, oo ]
2-3j,1b [ 200, 400, 600, 800, o ]
2-3j,2b [ 200, 400, oo ]
4 — 6j, Ob [ 200, 400, 600, 800, 1000, oo ]
4—6j,1b [ 200, 400, 600, 800, o |
4 —6j,2b [ 200, 400, 600, oo |

> 7j, 0b [ 200, 400, 600, oo |
> 7j, 1b [ 200, 400, 600, oo ]
> 7j, 2b [ 200, 400, oo ]

2-6j,>3b  [200,400, 0]
> 7j, > 3b [ 200, 400, oo ]

[1500, oo | 2 — 3j, 0b [ 200, 400, 600, 800, 1000, co |
2 —3j,1b [ 200, 400, 600, ]
2 —3j,2b [ 200, o ]
4 - 6j,0b [ 200, 400, 600, 800, 1000, co |
4-6j,1b [ 200, 400, 600, o ]
4—6j,2b [ 200, 400, 600, o ]
> 7}, 0b [ 200, 400, oo |
> 7, 1b [ 200, 400, oo |
> 7, 2b [ 200, 400, oo |

2-6j,>3b  [200,00]
>7,>3b [ 200, oo ]
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