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1. Introduction

This Letter describes a search for physics beyond the standard
model (BSM) in proton-proton collisions at a center-of-mass en-
ergy of 7 TeV. Results are reported from a data sample collected
with the Compact Muon Solenoid (CMS) detector at the Large
Hadron Collider (LHC) at CERN corresponding to an integrated lu-
minosity of 4.98 fb~!. This search is part of a broad program of
inclusive, signature-based searches for BSM physics at CMS, char-
acterized by the number and type of objects in the final state.
Since it is not known a priori how the BSM physics will be man-
ifest, we perform searches in events containing jets and missing
transverse energy (E‘TT”SS) [1-3], single isolated leptons [4], pairs of
opposite-sign [5] and same-sign [6] isolated leptons, photons [7,8],
etc. Here we search for evidence of BSM physics in final states
containing a Z boson that decays to a pair of oppositely-charged
isolated electrons or muons. Searches for BSM physics in events
containing oppositely-charged leptons have also been performed
by the ATLAS Collaboration [9-11].

This strategy offers two advantages with respect to other
searches. First, the requirement of a leptonically-decaying Z boson
significantly suppresses large standard model (SM) backgrounds
including QCD multijet production, events containing Z bosons
decaying to a pair of invisible neutrinos, and events containing
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leptonically-decaying W bosons, and hence provides a clean envi-
ronment in which to search for BSM physics. Second, final states
with Z bosons are predicted in many models of BSM physics, such
as supersymmetry (SUSY) [12-16]. For example, the production of
a Z boson in the decay X — X2 Z, where ¥ (¥9) is the lightest
(second lightest) neutralino, is a direct consequence of the gauge
structure of SUSY, and can become a favored channel in regions
of the SUSY parameter space where the neutralinos have a large
Higgsino or neutral Wino component [17-19]. Our search is also
motivated by the existence of cosmological cold dark matter [20],
which could consist of weakly-interacting massive particles [21]
such as the lightest SUSY neutralino in R-parity conserving SUSY
models [22]. If produced in pp collisions, these particles would es-
cape detection and yield events with large E;“iss. Finally, we search
for BSM physics in events containing hadronic jets. This is mo-
tivated by the fact that new, heavy, strongly-interacting particles
predicted by many BSM scenarios may be produced with a large
cross section and hence be observable in early LHC data, and such
particles tend to decay to hadronic jets. These considerations lead
us to our target signature consisting of a leptonically-decaying Z
boson produced in association with jets and E%“iss.

After selecting events with jets and a Z — £7¢~ (£ =e, 1)
candidate, the dominant background consists of SM Z produc-
tion accompanied by jets from initial-state radiation (Z + jets).
The E‘T‘rliss in Z + jets events arises primarily when jet energies
are mismeasured. The Z + jets cross section is several orders of
magnitude larger than our signal, and the artificial E‘TniSS is not
necessarily well reproduced in simulation. Therefore, the critical
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prerequisite to a discovery of BSM physics in the Z + jets + E’T‘rliSS
final state is to establish that a potential excess is not due to
SM Z + jets production accompanied by artificial E%“iss from jet
mismeasurements. In this Letter, we pursue two complementary
strategies, denoted the Jet-Z Balance (JZB) and E‘TniSS template
(MET) methods, which rely on different techniques to suppress the
SM Z + jets contribution and estimate the remaining background.
The two methods employ different search regions, as well as differ-
ent requirements on the jet multiplicity and Z boson identification.
After suppressing the Z + jets contribution, the most significant
remaining SM background consists of events with a pair of top
quarks that both decay leptonically (dilepton tf). We exploit the
fact that in dilepton tf events the two lepton flavors are uncorre-
lated, which allows us to use a control sample of eu events, as
well as events in the sideband of the dilepton mass distribution, to
estimate this background.

The ]JZB method is sensitive to BSM models where the Z bo-
son and dark matter candidate are the decay products of a heavier
particle. In such models, the Z boson and E%“iss directions are cor-
related, with the strength of this correlation dependent on the BSM
mass spectrum. The Z + jets background contribution to the JZB
signal region is estimated from a Z + jets sample, by exploiting the
lack of correlation between the direction of the Z boson and E%’iss
in these events for large jet multiplicity. With this method, the sig-
nificance of an excess is reduced in models where the E¥‘i55 and Z
directions are not correlated.

The MET method relies on two data control samples, one con-
sisting of events with photons accompanied by jets from initial-
state radiation () +jets) and one consisting of QCD multijet events,
to evaluate the Z+ jets background in a high E’Tniss signal region. In
contrast to the JZB method, the MET method does not presume a
particular mechanism for the production of the Z boson and E%mss.
The significance of an excess is reduced in models that also lead
to an excess in both the jets + E'Tniss and y + jets + E‘TniSS final
states.

The Letter is organized as follows: we first describe the de-
tector (Section 2), and the data and simulated samples and event
selection that are common to both strategies (Section 3). The two
methods are then described and the results presented (Sections 4
and 5). Systematic uncertainties on the signal acceptance and ef-
ficiency are presented in Section 6. Next, the two sets of results
are interpreted in the context of simplified model spectra (SMS)
[23-25], which represent decay chains of new particles that may
occur in a wide variety of BSM physics scenarios, including SUSY
(Section 7). We provide additional information to allow our results
to be applied to arbitrary BSM physics scenarios (Section 8). The
results are summarized in Section 9.

2. The CMS detector

The central feature of the CMS apparatus is a superconducting
solenoid of 6 m internal diameter, providing a field of 3.8 T. Within
the field volume are the silicon pixel and strip tracker, the crys-
tal electromagnetic calorimeter, and the brass/scintillator hadron
calorimeter. Muons are measured in gas-ionization detectors em-
bedded in the steel return yoke. In addition to the barrel and
endcap detectors, CMS has extensive forward calorimetry. The CMS
coordinate system is defined with the origin at the center of the
detector and the z axis along the direction of the counterclockwise
beam. The transverse plane is perpendicular to the beam axis, with
¢ the azimuthal angle, 6 the polar angle, and 1 = —In[tan(6/2)]
the pseudorapidity. Muons are measured in the range |n| < 2.4.
The inner tracker measures charged particles within the range
In| < 2.5. A more detailed description of the CMS detector can be
found elsewhere [26].

3. Samples and event selection

Events are required to satisfy at least one of a set of ee,
en or up double-lepton triggers, with lepton transverse mo-
mentum (pr) thresholds of 17 GeV for one lepton and 8 GeV
for the other. Events with two oppositely-charged leptons (ete™,
et ¥, or ut ) are selected. Details of the lepton reconstruction
and identification can be found in Ref. [27] for electrons and in
Ref. [28] for muons. Both leptons must have pr > 20 GeV, in the
efficiency plateau of the triggers. Electrons (muons) are restricted
to |n| < 2.5 (2.4). For the candidate sample, only ete~ and pu*u~
events are used, and the dilepton system is required to have an in-
variant mass consistent with the mass of the Z boson (mz). The ey
events are used as a data control sample to estimate the tt back-
ground.

Because leptons produced in the decays of low-mass particles,
such as hadrons containing b and ¢ quarks, are nearly always in-
side jets, they can be suppressed by requiring the leptons to be iso-
lated in space from other particles that carry a substantial amount
of transverse momentum. The lepton isolation [29] is defined us-
ing the scalar sum of both the transverse momentum depositions
in the calorimeters and the transverse momenta of tracks in a cone
of AR=,/(An)2+ (A¢)? < 0.3 around each lepton, excluding the
lepton itself. Requiring the ratio of this sum to the lepton pt to be
smaller than 15% rejects the large background arising from QCD
production of jets.

We select jets [30] with pt > 30 GeV and |n| < 3.0, separated
by AR > 0.4 from leptons passing the analysis selection. We use
the particle flow (PF) method [31] to reconstruct charged and neu-
tral hadrons, muons, electrons, and photons. The PF objects are
clustered to form jets using the anti-kr clustering algorithm [32]
with a distance parameter of 0.5, as implemented in the FAST-
JET package [33,34]. We apply pr- and n-dependent corrections
to account for residual effects of non-uniform detector response.
The contribution to the jet energy from pile-up is estimated on
an event-by-event basis using the jet area method described in
Ref. [35], and is subtracted from the overall jet pr. The missing
transverse momentum E%“iss is defined as the magnitude of the
vector sum of the transverse momenta of all PF objects. The EMiss
vector is the negative of that same vector sum.

The sample passing the above preselection requirements is
dominated by SM Z + jets events, which must be suppressed in
order to achieve sensitivity to BSM physics. As discussed in the
introduction, we pursue two complementary approaches to eval-
uate the Z + jets background. Samples of Z + jets, tt, WW, WZ,
and ZZ Monte Carlo (MC) simulated events generated with MAD-
GRrAPH 5.1.1.0 [36] are used to guide the design of these meth-
ods, but the dominant backgrounds are estimated with techniques
based on data control samples. Events produced by MADGRAPH are
passed to PYTHIA 6.4.22 [37] for the generation of parton show-
ers. Additional MC samples of Z 4 jets, y + jets, and QCD multijet
events generated with PYTHIA 6.4.22 are used to validate the E;“iss
template method of Section 5. We also present the expected event
yields for two benchmark scenarios of the constrained minimal
supersymmetric extension of the standard model (CMSSM) [38],
denoted LM4 and LM8 [39], which are generated with the same
version of PYTHIA. The CMSSM is described with five parameters:
the universal scalar and gaugino masses mg and my 2, the universal
soft SUSY-breaking parameter Ag, the ratio of vacuum expectation
values of the two Higgs doublets tan 8, and the sign of the Higgs
mixing parameter . The LM4 (LM8) parameter sets are mg =
210 (500) GeV, my,; = 285 (300) GeV, tang = 10, sign(u) = +,
and Ap =0 (—300) GeV. The LM4 scenario is excluded in Ref. [3];
this Letter is the first to exclude LMS8. In these two scenarios
heavy neutralinos predominantly decay to a Z boson and a lighter
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neutralino. All samples are generated using the CTEQ6 [40] parton
distribution functions (PDFs) and normalized to next-to-leading or-
der (NLO) cross sections. Simulation of the CMS detector response
is performed using GEANT4 [41]. The simulated events are subse-
quently reconstructed and analyzed in the same way as the data,
and are rescaled to describe the measured distribution of over-
lapping pp collisions in the same bunch crossing (referred to as
“pile-up reweighting”).

4. JZB search
4.1. Jet-Z balance variable
The JZB variable is defined in the xy plane as

S

jets

JZB = _ |15’T(Z)| ~ |_E_rrl'liSS _ ﬁT(Z)| _ |ﬁT(Z){ (1)

Thus JZB measures the imbalance between the pr of the Z bo-
son and that of the hadronic system. In SM Z + jets events, the
JZB distribution is approximately symmetric about zero, while for
BSM physics it may be asymmetric, due to correlated production of
the Z boson and invisible particles. Five signal regions are defined
by requirements on the JZB event variable, from ]JZB > 50 GeV to
JZB > 250 GeV in steps of 50 GeV. The signal region in the invari-
ant mass distribution is defined as |my; — myz| < 20 GeV.

In SM Z+jets events, the JZB variable is analogous to E?’iss with

sign information. The sign depends on whether E%“iss is due to an
under- or over-measurement of the jet energy. The probability of a
downward fluctuation of the jet energy measurement is in general
higher than the probability of an upward fluctuation, leading to
an asymmetry of the JZB distribution in SM Z events with exactly
1 jet. However, the JZB distribution in SM Z + jets events becomes
more Gaussian with increasing jet multiplicity, because in multi-
jet events the direction of a mismeasured jet is uncorrelated with
the direction of the Z boson. Already in three-jet events, where in
the most probable configuration, the two leading jets are back-to-
back [42], instrumental effects largely cancel. For this reason the
JZB method focuses on events containing at least three jets.

We search for BSM events where the Z boson is the decay prod-
uct of a heavier (parent) particle of mass my and is produced
in conjunction with an undetectable decay product of mass my,
which gives rise to E;“iss. Let p* be the characteristic momentum
of the decay products in the rest frame of the parent particle. If
the parent particle has a mass of the order of the electroweak
scale, my; ~ O (mx + mgz), p* is small, and p* can be smaller than
the laboratory momentum of the parent. In that case, the daugh-
ter particles all appear in a tightly collimated angular region, the
transverse momenta of the Z and invisible particle are balanced
by the other particles in the decay chain, and large values of JZB
can ensue. An example of such a decay chain is § - q+q —
d+q+x—a+q+2Z+ x>, where g, q, and )?10’2 are the gluino,
squark, and neutralino supersymmetric particles.

The signal and background discrimination arising from the an-
gular correlation between the Z boson and E?iss can be reduced in
certain circumstances. For example, in R-parity-conserving SUSY,
supersymmetric particles are produced in pairs and there are two
decay chains with one undetected lightest stable particle (LSP) at
the end of each chain. It can happen that the two unobserved
particle momenta cancel each other, leading to small E%“iss and
JZB values. Such configurations are, however, disfavored by the
selection of events with significant E%’iss, or large JZB, which is
equivalent to requiring that the two LSPs do not balance. The

angular correlation is therefore preserved in events with signifi-
cant Eiss,

To summarize, the balance between the jet system and the
Z+ EMsS system leads to large, positive JZB in events where EIsS
and the Z boson are pair-produced, while the JZB > 0 and JZB <0
regions are evenly populated in SM Z + jets events.

4.2. Background determination

The principal SM backgrounds are divided in two categories.
Backgrounds that produce opposite-flavor (OF) pairs (et =, e~ u™)
as often as same-flavor (SF) pairs (ete™, ™) are referred to as
“flavor-symmetric backgrounds”. This category is dominated by tt
processes. Backgrounds with two SF leptons from a Z boson are re-
ferred to as “Z boson backgrounds”. This category is dominated by
SM Z + jets production.

Three non-overlapping data control regions are used to predict
the contribution of flavor-symmetric backgrounds: (a) OF events
compatible with the Z boson mass hypothesis (referred to as “Z-
peak region”), (b) OF events in the sideband of the Z boson mass
peak, and (c) SF events in this sideband. The sideband region
is defined as the union of 55 < my, < 70 GeV and 112 < my; <
160 GeV; it is chosen so that it includes the same number of
events as the Z-peak region in tt simulation. The two OF data con-
trol samples are compared in the region 30 GeV < [JZB| < 50 GeV,
which is outside the signal regions and has little contribution from
signal or Z(— 7 7) + jets. The event yields from the two data con-
trol samples in this region are found to be in good agreement with
each other and with expectations from the MC simulation. The sys-
tematic uncertainties on the number of events estimated from the
three data control regions are assessed using a large sample of
simulated tt events. The JZB distribution in the SF Z-peak (signal)
region is found to agree well with the corresponding distributions
in the three control regions. A 25% uncertainty is assigned to each
individual estimate in order to cover discrepancies at large ]JZB
values, where the number of MC events is low, as well as small
differences between the data and MC simulation in the shape of
the JZB distribution.

The total contribution from flavor-symmetric backgrounds in
the signal region is computed as the average of the yields in the
three data control regions, as they provide independent estimates
of the same background process. The systematic uncertainties as-
signed to these yields are approximately uncorrelated, and hence
are added quadratically. The absence of strong correlation is con-
firmed in MC simulation, as well as from the aforementioned com-
parison of the number of events in the 30 GeV < |JZB| < 50 GeV
region.

SM backgrounds with a reconstructed Z boson are estimated
using the negative JZB region after subtraction of flavor-symmetric
backgrounds. This procedure relies on the fact that Z + jets events
with three or more jets evenly populate the negative and posi-
tive sides of the JZB distribution, as described above. The method
is validated using a large sample of simulated Z + jets events and
the JZB distributions in the negative and positive JZB regions are
found to agree very well. We assign a 25% systematic uncertainty
to the corresponding prediction in order to cover small differences
between the data and MC simulation in the shape of the JZB dis-
tribution.

Other backgrounds, though less significant, are also accounted
for in these estimates. Contributions from the SM WZ and ZZ pro-
cesses are incorporated into the Z + jets estimate, since in these
events the E;“iss and the Z boson candidates do not share the
same parent particle. The background estimate from OF pairs ac-
counts for WW, Z — 77, and single-top production. Finally, events
with one or more jets reconstructed as electrons or non-isolated



CMS Collaboration / Physics Letters B 716 (2012) 260-284 263

CMS Simulation, /s =7 TeV, L =4.98 fb™

N R
10 ® MC true -
F — MC predicted

3 |
>10°¢ 3
(0] E |
S T ]
2107 3
- F E
PR ]
2 | ]
> 10 E
(0] C |
3 3
10-17\\\\\\\\\\\\\\\\\\\\‘3\\\\ \\\\\#7
ar ]

o f ]
§ 2 ]
% 50 00 150 200 250 300 350 400

JZB [GeV]
CMS Simulation, s =7 TeV, L,_ =4.98 b

10 ® MC true -
o T MC B true ]
3
10 MC S true

— MC predicted

—
o

events / 10 GeV
3
11 HHH‘

10

ratio
N

160 200 250 300 350 400
JZB [GeV]

OO
a
o
-
[=)
o

Fig. 1. Comparison between true and predicted JZB distributions in simulated sam-
ples for the background-only (top) and LM4-plus-background (bottom) hypotheses.
“MC B” and “MC S” denote the background and signal contributions to the true dis-
tribution, respectively. The lower plots show the ratio between true and predicted
distributions. The error bars on the true distribution and in the ratio indicate the
statistical uncertainty only.

leptons (from QCD multijet, y + jets, or electroweak processes) are
accounted for by the background estimate from the sideband con-
trol regions.

The overall background prediction method is validated using a
simulated sample including all SM backgrounds, with and with-
out the inclusion of LM4 signal events. The comparison between
the true and predicted distributions is shown in Fig. 1 for the two
cases. The inclusion of LM4 signal slightly modifies the predicted
distribution because of contribution from the signal to the con-
trol regions. The slope change around ]JZB = 50 GeV corresponds
to the region where the tt background starts to dominate. The

Table 1

Comparison between true and predicted JZB event yields in
SM MC simulation for the various signal regions. Uncertain-
ties on the true MC yields reflect the limited MC statistics.
The first (second) uncertainty in the MC predicted yields in-
dicates the statistical (systematic) component.

Region MC true MC predicted
JZB > 50 GeV 420+ 11 414+ 16 + 59
JZB > 100 GeV 1025 98+6+14
JZB > 150 GeV 25+2.6 244+344+3.0
JZB > 200 GeV 85+1.6 7.8+1.8+1.1
JZB > 250 GeV 22+09 32+12+05
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Fig. 2. Comparison between the measured JZB distribution in the JZB > 0 region
and that predicted from data control samples. The distribution from the LM4 MC
is overlaid. The bottom plot shows the ratio between the observed and predicted
distributions. The error bars indicate the statistical uncertainties in data only.

integrated event yields for the various signal regions are summa-
rized in Table 1. We find that there is good agreement in the
background-only case, while good sensitivity to a possible signal
remains.

4.3. Results

The comparison between the observed and predicted distribu-
tions is shown in Fig. 2. The observed and predicted yields in the
signal regions are summarized in Table 2, along with 95% confi-
dence level (CL) upper limits on the yields of any non-SM process.
Upper limits are computed throughout this Letter using a mod-
ified frequentist method (CLg) [43,44]. The nuisance parameters
(described in Section 6) are modeled with a lognormal distribution.
Table 2 also shows the LM4 and LM8 yields, determined using NLO
production cross sections. These yields are corrected to account for
the contribution of signal to the background control regions, which
tends to suppress the apparent yield of signal in the signal region.
The correction is performed by subjecting the signal samples to the
same procedures as the data and subtracting the resulting predic-
tion from the signal yield in the signal region. The expected LM4
and LMS8 yields exceed the upper limits on the non-SM contribu-
tions to the yields in the high JZB signal regions.
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Table 2

Total number of events observed in the JZB signal regions and corresponding background predictions from data control regions. The first uncertainty is statistical and the
second systematic. For the observed yields, the first (second) number in parentheses is the yield in the ete~(u* ™) final state. The 95% CL upper limit (UL) on non-SM
yields and the NLO yields for the LM4 and LM8 benchmark SUSY scenarios are also given, including the systematic uncertainties and the correction for signal contribution to

the background control regions (see text for details).

JZB > 50 GeV 100 GeV 150 GeV 200 GeV 250 GeV
Z bkg 97 +13+38 8+3+3 274+18+0.38 1.0+1.0+0.3 0
Flavor-symmetric 311+10+45 81+5+12 19+3+3 7+2+1 2.0+0.8+0.3
Total bkg 408 £16 +59 89+6+12 22+3+3 8+2+1 2.0+0.8+0.3
Data 408 (203, 205) 88 (52,36) 21 (13,8) 5@3.,2) 32,1
Observed UL 114 32 14 6 6
Expected UL 111 31 13 7 4
LM4 62+4 52+4 40+ 4 29+4 18+4
LM8 2342 19+2 16+£2 11.4+1.7 7.8+15

5. MET search

For the MET method, we select events with two or more jets.
Compared to the JZB method, the dilepton mass requirement is
tightened to |mg, — mz| < 10 GeV, in order to further constrain
mismeasurements of the lepton pt’s and to suppress the tt back-
ground. As in the JZB method, the principal background is Z + jets
events. To suppress this background, we require the events to have
large E;“iss. Specifically, we define three signal regions:

e EMiS > 100 GeV (loose signal region);
e EMiSS > 200 GeV (medium signal region);
e EMiSS > 300 GeV (tight signal region).

The use of multiple signal regions allows us to be sensitive
to BSM physics with differing ET"** distributions. To estimate the

residual Z+ jets background with E?’iss from jet mismeasurements,
we model the E’T‘[liSS in Z + jets events using y + jets and QCD

control samples in data. After applying the E?iss requirement, the
dominant background is expected to be tt in all three signal re-
gions. This background is estimated from a control sample of eu
events in data. Additional sub-leading backgrounds from WZ and
ZZ diboson production are estimated from simulation.

5.1. Background estimates

5.1.1. Z+ jets background estimate

The background from SM Z + jets production is estimated us-
ing an EMS template method [45]. In Z + jets events, the EMSS
is dominated by mismeasurements of the hadronic system. There-
fore, the E%‘iss distribution in these events can be modeled using

a control sample with no true E%’iss and a similar hadronic system
as in Z + jets events. We use two complementary control samples:
one consisting of y + jets events and one consisting of QCD mul-
tijet events. The y + jets (QCD multijet) events are selected with a
set of single photon (single jet) triggers with online pt thresholds
varying from 20-90 GeV (30-370 GeV). To account for kinematic
differences between the hadronic systems in the control and sig-
nal samples, the expected E?iss distribution of a Z + jets event is
obtained from the E;“iss distribution of y + jets or QCD multijet
events of the same jet multiplicity and scalar sum of jet transverse
energies, normalized to unit area; these normalized distributions
are referred to as E;“iss templates. The two control samples are
complementary. The y + jets events have a topology that is sim-
ilar to the Z + jets events, since both consist of a well-measured
object recoiling against a system of hadronic jets. When selecting
photons, we include hadronic jets in which a large fraction of the
energy is carried by photons or neutral pions. Such jets are well

measured; the E‘TTliSS in these events arises from jets with a large
hadronic energy fraction as in the true y + jets events. The QCD
multijet sample has better statistical precision due to the larger
number of events, and eliminates possible contributions to E‘T‘rliSS
from mismeasurement of the photon in the y + jets sample. The
E‘T11iSS templates extracted from the QCD sample must be corrected

for a small bias of the E%‘iss, which is observed in y + jets and
Z + jets events in the direction of the recoiling hadronic system,
due to a small systematic under-measurement of the jet energies.
This bias of the E‘Tniss is measured to be approximately 6% of the
pr of the hadronic recoil system, and the correction primarily af-
fects the bulk of the E‘T11iSS distribution. A similar effect is present
when using the y + jets templates because a minimum pt thresh-
old is applied to the photons but not to the Z bosons. However,
the maximum resulting bias in the E‘T’niss is approximately 1 GeV,
and is hence negligible.

Because jets in QCD dijet events have a different topology than
those in Z + 2 jet events, the y + jets method alone is used to
determine the Z + jets background for events with exactly two
jets. For events with at least three jets, we use the average of the
background estimates from the y + jets and QCD multijets meth-
ods. The two methods yield consistent predictions for events with
at least three jets, which illustrates the robustness of the E‘TniSS
template method and provides a cross-check of the data-driven
background prediction. For the benchmark SUSY scenarios LM4 and
LM8, we have verified that the impact of signal contamination on
the predicted background from the E'T‘rliss template method is neg-
ligible.

The systematic uncertainty in the background prediction from
the y + jets method is dominated by possible differences be-
tween the predicted and true number of events when we apply the
background estimate to the MC, which is limited by the statistical
precision of the MC samples (MC closure test, 30% uncertainty).
Additional uncertainties are evaluated by varying the photon selec-
tion criteria (10% uncertainty) and from the difference in the num-
ber of reconstructed pile-up interactions in the Z+jets and y + jets
samples (5% uncertainty). The total uncertainty is 32%. The corre-
sponding uncertainty in the background prediction from the QCD
multijet method is dominated by possible differences between the
predicted and true number of events in the MC closure test (rang-
ing from 20% for ES > 30 GeV to 100% for EIM'S > 100 GeV). The
uncertainty in the bias of the E;“iss in the direction of the hadronic
recoil contributes an additional 16% uncertainty to this background
prediction.

5.1.2. Opposite-flavor background estimate

As in the JZB method, the tt contribution is estimated using an
OF subtraction technique, based on the equality of the tf yield in
the OF and SF final states after correcting for the differences in
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the e and w selection efficiencies. Other backgrounds for which
the lepton flavors are uncorrelated (for example, WrW~, y*/Z —
T+t~ and single-top processes, which are dominated by the tW
production mechanism) are also included in this estimate.

To predict the SF yield in the E%‘iss signal regions, we use
the OF yield satisfying the same E%“iss requirements. This yield is
corrected using the ratio of selection efficiencies Rye = &,,/8e =
1.07 & 0.07, which is evaluated from studies of Z — u*p~ and
Z — ete™ events in data. The uncertainty on this quantity takes
into account a small variation with respect to lepton pt. To im-
prove the statistical precision of the background estimate, we do
not require the OF events to lie in the Z mass region, and we apply
a scale factor K = 0.16 & 0.01, extracted from simulation, to ac-
count for the fraction of tt events that satisfy |mg, —mz| < 10 GeV.
The uncertainty in K is determined by the difference between this
quantity evaluated in data versus simulation. An alternate method
is to use OF events in the Z mass window; scaling is not required,
but fewer events are available. This method yields a prediction that
is consistent with that from the nominal method but with a larger
statistical uncertainty. The systematic uncertainty on the OF back-
ground prediction is dominated by a 25% uncertainty in the yield
predicted for the E%’iss > 200 GeV region, due to possible differ-
ences between the true and predicted number of events in MC
closure tests. The uncertainties in the correction factors Rye (7%)
and K (6%) also contribute.

5.1.3. Other backgrounds

Backgrounds from pairs of WZ and ZZ vector bosons are es-
timated from MC, and a 50% systematic uncertainty is assessed
based on comparison of simulation to data in events with jets
and exactly 3 leptons (WZ control sample, MC expected purity ap-
proximately 90%) and exactly 4 leptons (ZZ control sample, MC
expected purity approximately 100%), which have limited statis-
tical precision due to small event yields. Backgrounds from events
with misidentified leptons are negligible due to the requirement of
two isolated leptons with pt > 20 GeV in the Z mass window.

5.2. Results

The data and SM predictions are shown in Fig. 3 and summa-
rized in Table 3 (Njes > 2) and Table 4 (Njets > 3). In addition
to the loose, medium, and tight signal regions defined above, we
quote the predicted and observed event yields in two low E‘T’niss re-
gions, which allow us to validate our background estimates with
increased statistical precision. For all five regions, the observed
yields are consistent with the predicted background yields. No ev-
idence for BSM physics is observed. We place 95% CL upper limits
on the non-SM contributions to the yields in the signal regions.
These model-independent upper limits may be used in conjunction
with the signal efficiency model discussed in Section 8 to perform
exclusions in the context of an arbitrary BSM physics model. We
quote results separately for Njeis > 2 and Njers > 3 to improve the
sensitivity to BSM models with low and high average jet multiplic-
ities, respectively. We also quote the NLO expected yields for the
SUSY benchmark processes LM4 and LM8, including the statistical
component and the systematic uncertainties discussed in Section 6.
To account for the impact of signal contamination, we correct the
LM4 and LM8 yields by subtracting the expected increase in the
OF background estimate that would occur if these signals were
present in the data. As mentioned above, the contribution from
LM4 and LMS8 to the E?’iss template background estimate is neg-
ligible. The expected LM4 and LM8 yields exceed the upper limits
on the non-SM contributions to the yields in those signal regions
with a minimum E%“iss requirement of 200 GeV.
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Fig. 3. The observed E'T“iSS distribution for events with Njets > 2 (top) and Njets > 3
(bottom) for data (black points), predicted OF background from simulation normal-
ized to the eu yield in data (solid dark purple histogram), WZ + ZZ background
(solid light green histogram), and total background including the Z + jets predicted
from y + jets (red line) and QCD (blue line) E?iss templates. The ratio of the ob-
served and total predicted yields (data/pred) is indicated in the bottom plots using
the y + jets (top) and average of the y + jets and QCD (bottom) methods. The er-
ror bars indicate the statistical uncertainties in data only. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this Letter.)

6. Signal acceptance and efficiency uncertainties

The acceptance and efficiency, as well as the systematic uncer-
tainties on these quantities, depend on the signal model under
consideration. For some of the individual uncertainties, we quote
values based on SM control samples with kinematic properties
similar to the SUSY benchmark models. For others that depend
strongly on the kinematic properties of the event, the systematic
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Table 3

Summary of results in the regions E'T’niss > 30, 60, 100, 200, and 300 GeV for Njes > 2. The total predicted background (total bkg) is the sum of the Z + jets background
predicted from the y + jets E}“i“ template method (Z bkg), the background predicted from OF events (OF bkg), and the WZ + ZZ background predicted from simulation
(VZ bkg). The first (second) uncertainty indicates the statistical (systematic) component. For the observed yield (data), the first (second) number in parentheses is the yield
in the ee () final state. The 95% CL observed and expected upper limits (UL) on the non-SM yield are indicated. The expected NLO yields for the LM4 and LM8 benchmark
SUSY scenarios are also given, including the systematic uncertainties and the correction for the impact of signal contamination indicated in the text.

EIMiss > 30 GeV EMisS > 60 GeV

EIPiss > 100 GeV EIPiss > 200 GeV EIPiss > 300 GeV

Z bkg 15070 + 161 44822 484 +23 4155 36+4.6+11 24+0.6+0.8 04+0.2+0.1

OF bkg 1116 £ 13 £ 100 680+ 10 + 61 227 +6.0+£20 11+£1.3+3.1 1.6+05+04

VZ bkg 269+09+135 84+1.0+42 35+05+£17 53+04+27 1.2+04+£0.6

Total bkg 16455 + 161 4825 1249 +£25+172 297 +7.5+29 19+1.5+4.1 32407407

Data 16483 (8243, 8240) 1169 (615, 554) 290 (142, 148) 14 (8,6) 0

Observed UL 9504 300 57 8.3 3.0

Expected UL 9478 349 60 11 46

LM4 120+7.0 108 £6.7 93+6.6 53+7.3 24+6.2

LM8 52+3.2 46+3.0 37+28 21+£28 9.1+£23
Table 4

Summary of results for Njes > 3. The details are the same as for the Njets > 2 results quoted in Table 3, except that the total background prediction is based on the average
of the background predictions from the QCD and y + jets template methods, which are quoted separately.

EMiss > 30 GeV EMiss > 60 GeV

Eiss > 100 GeV EIiss > 200 GeV EMiss > 300 GeV

Z bkg (QCD) 4010 + 65 + 800 191 +£12 £ 56
Z bkg (y + jets) 3906 + 61 + 1250 187 £ 10+ 60
OF bkg 442 +8.0 +40 284+7.0+26
WZ bkg 86+1.0+43 26+03+13
Total bkg (QCD) 4539 + 66 + 802 502 +£14+63
Total bkg (y + jets) 4435 + 62 + 1251 498 + 12+ 66
Total bkg (average) 4487 + 64 + 1027 500+ 13+£65
Data 4501 (2272,2229) 479 (267,212)
Observed UL 2028 120

Expected UL 2017 134

LM4 97 +£6.1 90+6.1

LM8 42426 39+25

11+£0.7x11 0.7+£0.05+£0.7 0.1+£0.02£0.1
14+1.7+£46 1.7£05£0.5 0.3+£0.2+0.1
107+4.1+£10 7.5+1.14+20 1.1+£04+03
11+£0.2+5.6 19+02+1.0 04+0.2+0.2
129+4.2+16 10+£1.1£23 1.6+04+04
132+44+12 11+£124+22 19+05+04
131+43+14 11+£1.2+£23 1.8+£05+04
137 (73,64) 8 (3,5) 0

40 6.7 3.0

36 8.4 3.9

79+£6.6 44171 19+54
33+£25 19427 83+2.1

uncertainties are quoted model-by-model and separately for the
various signal regions.

The systematic uncertainty on the lepton acceptance consists of
two parts: the trigger efficiency uncertainty and the identification
and isolation uncertainty. The trigger efficiency for two leptons of
pr > 20 GeV is measured in a Z — ¢¢ data sample, with an uncer-
tainty of 2%. We verify that the simulation reproduces the lepton
identification and isolation efficiencies in data using Z — ££ sam-
ples, within a systematic uncertainty of 2% per lepton.

Another significant source of systematic uncertainty in the ac-
ceptance is associated with the jet and E‘T‘[liSS energy scale. The
impact of this uncertainty depends on the final state under con-
sideration. Final states characterized by very large E‘T‘“iss are less
sensitive to this uncertainty than those with E‘Tniss values near the
minimum signal region requirements. To estimate this uncertainty,
we have used the method of Ref. [29] to evaluate the system-
atic uncertainties in the acceptance for the two benchmark SUSY
points. The energies of jets in this analysis are known to 7.5%
(not all the corrections in Ref. [30] were applied). For LM4 and
LMS8, the corresponding systematic uncertainties on the signal re-
gion yields vary from 4-6% for E;“iss > 100 GeV to 24-28% for
EMisS > 300 GeV.

The impact of the hadronic scale uncertainty on the JZB effi-
ciency is estimated by varying the jet energy scale by one stan-
dard deviation [30]. This leads to a systematic uncertainty of 3-6%
on the signal efficiency, depending on the model and the signal
region. The JZB scale is then varied by 5% to account for the un-
certainty in unclustered energy deposits. The corresponding signal
efficiency uncertainties vary between 1% (JZB > 50 GeV) and 7%
(JZB > 250 GeV) for LM4, and between 1% and 10% for LMS.

Uncertainties on the PDFs are determined individually for each
scenario and are propagated to the efficiency, as recommended in
Ref. [46]. The uncertainty associated with the integrated luminosity
is 2.2% [47].

7. Interpretation

In the absence of a significant excess, we set upper limits on
the production cross section of SMS models [23-25], which rep-
resent decay chains of new particles that may occur in a wide
variety of BSM physics scenarios, including SUSY. We provide the
signal selection efficiencies in the model parameter space. These
efficiencies may be employed to validate and calibrate the results
of fast simulation software used to determine the signal efficiency
of an arbitrary BSM model. This allows our results to be applied to
BSM models beyond those examined in this Letter. We also provide
cross section upper limits in the parameter space of these models,
and exclude a region of the parameter space assuming reference
cross sections and a 100% branching fraction to the final state un-
der consideration (the Z boson is allowed to decay according to
the well-known SM branching fractions).

Fig. 4 illustrates the process considered in this study: two
gluinos are produced, each of which decays to a pair of jets and
the second-lightest neutralino 5(5’, which itself decays to a Z bo-
son and the LSP )710 The parameters of the model are the masses
of the gluino (mg) and of the LSP (mﬂ) ). The mass of the inter-

mediate neutralino (mf(?) is fixed to myg = m)?{] +x- (mg — m)?{)),
with x = 0.5. The results are only presented in the region where
the particle masses as specified above satisfy Mzo > Mo + mz.
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Table 5

Summary of results for the E?iss template analysis in the exclusive regions 100 GeV < E?iss <200 GeV, 200 GeV <
E;“iss <300 GeV, and E?iss > 300 GeV for Njets > 2 used for the SMS exclusions of Section 7. The total predicted
background (total bkg) is the sum of the Z + jets background predicted from the y + jets E?‘i“ templates method
(Z bkg), the background predicted from opposite-flavor events (OF bkg), and the WZ + ZZ background predicted
from simulation (VZ bkg). The uncertainties include both the statistical and systematic contributions. For the ob-
served yield (data), the first (second) number in parentheses is the yield in the ee () final state.

100 GeV < EMS <200 GeV

200 GeV < EMiss <300 GeV EMiss > 300 GeV

Z bkg 33+£45+11 1.94+05+0.6 04+£02+0.1
OF bkg 215+£5.8+19 10+1.2+£27 1.6+05+04
VZ bkg 29+4+0.2+15 424+01+£21 1.24+04+0.6
Total bkg 278 +7.4+27 16+1.3+£35 3.2+£0.7+0.7
Data 276 (134, 142) 14 (8,6) 0
CMS, \s=7TeV, L _ =4.98 fb"
AR AR T
— ~~ o~ . 0 (1] .
S P PP 88,8525+, Zx,
(0] - ~ ~
&, 1000~ M(Q) >>m(g), x = 0.5

Fig. 4. Simplified model for the production of two gluinos decaying into two Z
bosons, two )710 particles, and jets.

Additional interpretations for a different choice of x as well as for
a model inspired by gauge-mediated SUSY breaking are included
in the supplementary materials of this Letter.

For the JZB analysis, we calculate the observed and expected
upper limits on the cross section using the results in all signal
regions, and select the observed limit corresponding to the best
expected limit for each parameter point. For the MET analysis,
the cross section upper limit is based on simultaneous counting
experiments in the three exclusive regions of 100 GeV < E%‘iss <
200 GeV, 200 GeV < EMsS < 300 GeV, and EIMSS > 300 GeV, as
summarized in Table 5, since this exclusive binning improves the
sensitivity to a specific BSM model. The model-dependent system-
atic uncertainties (energy scale and PDF uncertainties) are deter-
mined for each point. To interpret these limits in terms of the
gluino pair-production cross section, we use a reference cross sec-
tion oNLO-QP 3nd determine the 95% CL exclusion contours at
1/3, 1, and 3 times oNO-QP o establish how the limit changes
with the cross section. This reference cross section oNO-QD cor-
responds to gluino pair-production in the limit of infinitely heavy
squarks, calculated at NLO using PRosPINO [48] and the CTEQ6 [40]
PDFs.

Fig. 5 shows the signal selection efficiency times acceptance for
the JZB > 150 GeV signal region for the topology described above,
normalized to the number of events with at least one leptonically-
decaying Z. The 95% CL upper limits on the total gluino pair-
production cross section are also shown. The JZB > 250 GeV region
has the best sensitivity throughout most of the parameter space of
this model. The signal contribution to the Z + jets control sample
has been taken into account in these limits. In this mass spectrum,
the Z boson and E‘T‘“iSS directions are weakly correlated and the
sensitivity of the JZB search is reduced at low LSP masses.

Fig. 6 shows the signal selection efficiency times acceptance for
the E?iss > 100 GeV signal region in the E’T‘[liSS template analysis,
normalized to the number of events with at least one leptonically-
decaying Z. The 95% CL upper limits on the total gluino pair-
production cross section, based on the three simultaneous count-
ing experiments in the regions 100 GeV < E‘TniSS < 200 GeV, 200 <
EMisS < 300 GeV, and EIMSS > 300 GeV, are also shown. The signal
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Fig. 5. Limits on the SMS topology described in the text, based on the JZB method:
(top) signal efficiency times acceptance normalized to the number of events with
at least one Z — ¢¢ decay for the JZB > 150 GeV region; (bottom) 95% CL upper
limits on the total gluino pair-production cross section. The region to the left of the
solid contour is excluded assuming that the gluino pair-production cross section is
oNLO-QCD "and that the branching fraction to this SMS topology is 100%. The dotted
and dashed contours indicate the excluded region when the cross section is varied
by a factor of three. The signal contribution to the control regions is taken into
account.
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Fig. 6. Limits on the SMS topology described in the text, based on the E¥“55 tem-
plate method: (top) signal efficiency times acceptance normalized to the number
of events with at least one Z — ¢¢ decay for the E%“iss > 100 GeV region; (bottom)
95% CL upper limits on the total gluino pair-production cross section. The region to
the left of the solid contour is excluded assuming that the gluino pair-production
cross section is oNFO-QP and that the branching fraction to this SMS topology is
100%. The dotted and dashed contours indicate the excluded region when the cross
section is varied by a factor of three. The signal contribution to the control regions
is negligible.

contribution to the QCD and y + jets control samples used to es-
timate the Z background and to the ew control sample used to
estimate the flavor-symmetric background is negligible. This inter-
pretation is based on the results with Njes > 2; we find compara-
ble results using Nijets > 3.

8. Additional information for model testing

Other models of BSM physics in the dilepton final state can be
constrained in an approximate manner by simple generator-level
studies that compare the expected number of events in 4.98 fb~!
with the upper limits from Sections 4.3 and 5.2. The key ingre-
dients of such studies are the kinematic requirements described
in this Letter, the lepton efficiencies, and the detector responses
for E}“iss and JZB. The trigger efficiencies for events containing ee,
e, or (e lepton pairs are 100%, 95%, and 90%, respectively. The
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Fig. 7. Reconstructed JZB (top) and E%‘“ss (bottom) selection efficiencies as a function
of the generator-level quantity, for the different signal regions in the LM4 simula-
tion.

muon identification efficiency is approximately 91%; the electron
identification efficiency varies approximately linearly from about
83% at pt =20 GeV to about 93% for pr > 60 GeV and then is flat.
The lepton isolation efficiency depends on the lepton momentum,
as well as on the jet activity in the event. In tt events, the effi-
ciency varies approximately linearly from about 85% (muons) and
88% (electrons) at pr =20 GeV to about 97% for pt > 60 GeV. In
LM4 (LM8) events, this efficiency is decreased by approximately 5%
(10%) over the whole momentum spectrum. The average detector
response for JZB is 92%. In order to better quantify the JZB and
E‘Tniss selection efficiencies, we study the probability for an event
to pass a given reconstructed JZB or E%“iss requirement as a func-
tion of the generator-level quantity. Here, generator-level E;“iss is
the negative vector sum of the stable, invisible particles, includ-
ing neutrinos and SUSY LSP’s. The response is parametrized by a
function of the form (see Fig. 7):

1 _
e(x) = Splateaui [erf(%ﬂ) + 1]. (2)

The fitted parameters are summarized in Table 6.

To approximate the requirement on the jet multiplicity, we
count quarks or gluons from the hard scattering process that sat-
isfy the acceptance requirements pr > 30 GeV and |n| < 3.0. We
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Table 6
Parameters of the JZB (top) and E'T“iSS (bottom) response function. The parameter
o is the resolution, Xgesh iS the JZB or E;“i” value at the center of the efficiency

curve, and &pjateau is the efficiency on the plateau.

Region o [GeV] Xthresh [GeV] Eplateau
JZB > 50 GeV 30 55 0.99
JZB > 100 GeV 30 108 0.99
JZB > 150 GeV 32 156 0.99
JZB > 200 GeV 39 209 0.99
JZB > 250 GeV 45 261 0.98
E]rpiss > 100 GeV 29 103 1.00
l:--‘l--m55 > 200 GeV 38 214 0.99
E-‘}mSS > 300 GeV 40 321 0.98

have tested this efficiency model with the LM4 and LM8 bench-
mark models, and find that the efficiency from our model is con-
sistent with the expectation from the full reconstruction to within
about 15%.

9. Summary

We have performed a search for BSM physics in final states
with a leptonically-decaying Z boson, jets, and missing transverse
energy. Two complementary strategies are used to suppress the
dominant Z + jets background and to estimate the remaining back-
ground from data control samples: the jet-Z balance method and
the E%mss template method. Backgrounds from tt processes are es-
timated using opposite-flavor lepton pairs and dilepton invariant
mass sidebands. We find no evidence for anomalous yields beyond
standard model (SM) expectations and place upper limits on the
non-SM contributions to the yields in the signal regions. The re-
sults are interpreted in the context of simplified model spectra. We
also provide information on the detector response and efficiencies
to allow tests of BSM models with Z bosons that are not consid-
ered in the present study.
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