Available on the CERN CDS information server CMS PAS SUS-16-027

CMS Physics Analysis Summary

Contact: cms-pag-conveners-susy@cern.ch 2016/10/20

Search for direct top squark pair production in the dilepton
final state at /s = 13 TeV

The CMS Collaboration

Abstract

We present a search for direct top squark production in the opposite-sign dilepton
channel using LHC pp collision data at \/s = 13 TeV amounting to 12.9 fb! col-
lected by the CMS detector in 2016. The search is performed in final states with two
leptons, electrons or muons, jets, of which at least one is b-tagged, and missing trans-
verse momentum. Signal regions are defined using transverse mass variables, which
efficiently separate the signal from the dominant top-quark pair background. No sig-
nificant deviation from the background prediction is observed. Exclusion limits are
set in the context of a simplified supersymmetric model with pair production of top
squarks that each decay to a top quark and a neutralino. For neutralino masses below
150 GeV, masses of the lightest top squark below 650 GeV are excluded at a confi-
dence level of 95%.
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1 Introduction

Supersymmetry (SUSY) [1-8] is a well-motivated theory beyond the standard model (SM)
which provides solutions to several open questions in particle physics, e.g. the cancellation
of quadratically divergent loop corrections to the squared mass of the Higgs boson. In R-
Parity [9] conserving SUSY, the lightest SUSY particle (LSP) is stable and can be a viable dark
matter candidate.

We present the result of a search for top squark pair production in a final state with two leptons,
jets, and significant transverse momentum imbalance. Searches for this signature were previ-
ously published by the ATLAS [10] collaboration using 8 TeV proton-proton (pp) collision data
and by CMS [11] on the 8 TeV data set. Results at 13 TeV were reported by the CMS collabo-
ration [12, 13] and comprise the zero- and one-lepton channel. The search is performed using
data from pp collisions, collected during 2016 at a center-of-mass energy of 13 TeV with the
CMS detector at the LHC, corresponding to an integrated luminosity of 12.9 fb~1. The results
are interpreted in a simplified model describing the strong production of pairs of top squarks.
The decay mode under consideration is shown in Fig. 1 and results are obtained as a function
of the masses of the lightest top squark (t) and the lightest neutralino (x9), denoted by m; and

Mz, respectively.
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Figure 1: Production of a top squark pair (ff*) in a simplified model of strongly produced top
squark pairs. Each of the top squarks decays into a top quark and a neutralino (x9).

When both top quarks decay leptonically, this process predicts a rather clean final state with
two opposite-sign leptons, jets, and significant transverse momentum imbalance from the neu-
tralinos and neutrinos. The search focuses on an efficient background reduction strategy using
transverse mass variables [14] that suppress the large background of SM tt events by several
orders of magnitude. The simulated predictions of the SM backgrounds are validated in data
control samples that are orthogonal to the signal selection.

2 Event samples and object selection

2.1 Event samples

Collision data are selected by different triggers that require the presence of one or two leptons,
electrons or muons. For the isolated dilepton triggers that accept the majority of events, the
thresholds are no higher than 23 GeV (17 GeV) in the leading (sub-leading) lepton transverse
momentum.

The tt and single top background samples are simulated using the POWHEG v2 [15, 16] event
generator and are normalized to NNLO cross sections [17-23]. Drell-Yan and ttZ events are
generated with MG5_AMC@NLO [24] at leading order (LO) and their cross sections are com-
puted at NNLO [25] and NLO respectively. Other backgrounds, which include the multibo-
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son, ttW, ttH, tZq, and tty processes, are generated using MG5_AMC@NLO program at next-
to-leading order and are normalized to the most precise available cross section, corresponding
to NLO accuracy in most cases. Generated events are interfaced to PYTHIA v8.2 [26, 27] using
the CUETP8M1 tune [28, 29] to simulate parton showering, hadronization, and the underlying
event. These events are processed with a GEANT4-based simulation model [30] of the CMS
detector.

Signal samples are generated with MG5_AMC@NLO at LO precision interfaced with PYTHIA v8.2
for stop quark masses ranging from 150 GeV to 1.2 TeV and LSP masses from 1 GeV up to
650 GeV. The signal production cross sections are normalized at NLO+NLL level [31]. The
detector simulation is performed using the CMS fast simulation package [32].

The simulated samples include additional simultaneous interactions per bunch crossing (pileup),
with distributions that are weighted to match the observed data. Furthermore, simulated sam-
ples are weighted to reproduce the efficiency of the trigger selection, with typical values of
95% — 99% depending on the momenta and pseudorapidity of the two leptons.

2.2 Object selection

Offline event reconstruction uses the CMS particle-flow (PF) algorithm [33] for particle identifi-
cation. Lepton candidates (electrons or muons) are required to satisfy pt > 25GeV (20 GeV) for
the leading (sub-leading) lepton and || < 2.4. Consistency of the track with the selected pri-
mary vertex is enforced by vetoing lepton candidates with a significance of the transverse track
impact parameter above 4, where the impact parameter is the minimum three-dimensional
distance between the lepton trajectory and the primary vertex. Its significance is defined as
the ratio of the impact parameter to its uncertainty. The longitudinal displacement from the
primary collision vertex must also be less than 0.1 cm.

Lepton candidates are required to be isolated. For each lepton candidate, a cone around the
track direction at the event vertex is constructed. To enhance the acceptance of signal events
that contain a large amount of hadronic energy, we use a pr-dependent cone radius of R =
(0.2, 10GeV/p1[GeV], 0.05) for (pr < 50GeV, 50GeV < pr < 200GeV, pr > 200GeV),
respectively. The scalar sum of the pr of all particles reconstructed with the PF algorithm
within the cone, consistent with arising from the chosen event production (primary) vertex,
and corrected for pileup activity, is calculated excluding the lepton candidate. The relative
mini-isolation discriminant, Imini, is defined as the ratio of this sum to the pr of the lepton
candidate. Because the mini-isolation cone is typically too small to reject non-prompt low-pr
leptons originating from low-pr b-quarks, we additionally require the lepton to pass a thresh-
old for the pati© variable, defined as the ratio of the lepton pr to the pr of the jet matched to the
lepton. If no jet is geometrically matched within AR < 0.4, then this condition is automatically
fulfilled. In order to recover leptons which accidentally overlap with jets in boosted topologies,
leptons failing the ptt° threshold are recovered when they pass a threshold for the p™! variable,
which is calculated by subtracting the lepton from the momentum vector of the geometrically
matched jet and then finding the component of the lepton which is transverse to this new vec-
tor. In summary, the lepton isolation criterion is Imini < 0.09 A ( pffaﬁo > 0.84V prTEI > 7.2).

Jets are clustered from PF candidates using the anti-k; algorithm [34] with a distance parameter
of R = 0.4. The influence of pileup is mitigated using the charged hadron subtraction (CHS)
technique, by subtracting the energy of charged hadrons not coming from the primary ver-
tex [35]. Jets are calibrated in simulation and in data separately, accounting for deposits from
pileup and the imperfect detector response. Corrected jets are cleaned from anomalous energy
deposits and instrumental noise if they pass pr > 30 GeV and || < 2.4. To disambiguate jets



Table 1: Overview of the preselection.
leptons 2 (e or u), opposite charge

m(ll) > 20
|Mz —m(1l)] > 15GeV, same flavor only
Z\]jets > 2
ije;ts >1
Emiss > 80 GeV
S >5GeVl/?

cos AG(EF™, j;) < 0.80
cos Ap(EF®®,j,) < 0.96

and leptons, jets that are found within a cone of R = 0.4 around any of the isolated leptons are
removed from the set of selected jets.

The missing transverse energy EXsS is defined as the magnitude of the negative vector sum of
all particle flow candidates reconstructed in an event and is corrected for the effect of the jet
energy corrections.

The multivariate b-tagging discriminator “Combined Secondary Vertex Tagger” (CSVv2) [36]
is used to identify jets that originate from hadronization of b-quarks. The chosen “medium”
working point has a mistag rate of approximately 1% for light flavor jets and a corresponding
tagging efficiency of 55% to 65% depending on the jet transverse momentum and pseudora-
pidity.

3 Search strategy

We select events with a pair of leptons (electrons or muons) with opposite charge and require
a minimum invariant mass of the lepton pair of 20 GeV in order to suppress backgrounds
with misidentified leptons from the hadronization of jets. Events with additional leptons with
pr > 15GeV and satisfying a looser isolation criterion of Inin < 0.4 are vetoed. In case of a
same-flavor lepton pair, we suppress contributions from SM Drell-Yan production with a veto
on the dilepton mass, |Mz — m(Il)| > 15GeV. To further suppress this and other vector bo-
son backgrounds, we require at least two jets and at least one b-tagged jet. After requiring
EMiss > 80 GeV, there remains a small background with vector bosons and high energetic jets
that are severely mismeasured and hence pass the ETS requirement. We remove this back-
ground by defining S = EX$/\/Hr and requiring S > 5 GeV'/2 and, furthermore, by placing
a requirement on the angular separation of E%‘iss and the two leading jets in the azimuthal
plane. The selection above is summarized in Table 1 and defines an event sample which is
dominated by events with top quark pairs which decay to a dilepton final state.

The main search variable in this analysis is

Mro(00) = min _(max |Mr(F, pR), Mr (572, 715)|) M
ﬁrrnliss+ﬁ?zisszg_rrniss

where the choice ﬁ%ism = ﬁf}l’z corresponds to the definition used in Ref. [37]. The calculation

of Mr,(40) is performed through the algorithm discussed in Ref. [38]. When EIT“iSS falls within

the smaller of the two transverse plane opening angles defined by the leptons, it follows that

Mr2(£¢) = 0 because the minimization procedure will find a partitioning where F% and ﬁlle
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are both parallel. It can furthermore be shown [14], that the construction of My, (¢¢) via Eq. 1
has an endpoint at the parent particles mass, that is My, for both dileptonic tt and WW events.

The key feature of this analysis is that the presence of additional invisible particles, e.g. the
LSP, break the correlation between the ET* and the lepton transverse momenta that define the
My endpoint. Hence, we expect the events predicted by the supersymmetric signal depicted in
Fig. 1 to populate the tails of this distribution. The distribution of M (¢¢) after the preselection
is shown in Fig. 2(a) including a signal with a benchmark mass configuration of m; = 650 GeV
and mrsp = 1 GeV, as well as a more compressed signal scenario with m; = 500 GeV and
mrsp = 250 GeV.
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Figure 2: Distributions of M, (¢¢), Mr2(bb), and Mr,(blbl) after preselection and requiring
MTz(f@ > 100 GeV.

We refine the analysis by defining two more observables. For Mr;(bb) we define ﬁ%ism = ;_9’5}1’2

and for Mo (blbl) we define p¥s'? = pi1? 4+ B2, For both observables, two b-tagged jets are
required. If only one can be found in the event, the jet with the highest pr that does not pass the
b-tag selection is taken instead. The ambiguity when pairing leptons with b-jets for M, (b¢b?)
is resolved by selecting the configuration which minimizes the maximum invariant mass of



the two lepton-jet pairs. After a tight threshold of M7, (¢¢) > 100 GeV these variables still
exhibit significant discrimination power. This is shown in Fig. 2(b) for M7, (bb) and Fig. 2(c)
for M, (blbl), respectively.

Based on sensitivity studies on a wide range of supersymmetric mass configurations and the
selection thresholds for the three search variables, Mr,(¢¢), M1 (bb) and Mr,(blbl), the signal
regions as listed in Table 2 are chosen. There is no overlap between any of the signal regions
with other signal or control regions used in the following.

Table 2: Definition of the signal regions.
[ Mo (b0b0)(GeV) | Mz (bb)(GeV) | 100 < Mo (¢0) < 140GeV | 140 < Mo (P0) < 240GeV | My (£f) > 240GeV |

70 — 170 SRO SR6
0 — 100 > 170 SR1 SR7
70 — 170 SR2 SR8

100 =200 > 170 SR3 SR9 SR12
70 — 170 SR4 SR10
2 200 > 170 SR5 SR11

4 Background prediction

The remaining backgrounds from SM processes in the search regions after the event selection
are single-t and tt events with either severely mismeasured EFS or misidentified leptons, fol-
lowed by top quark pair production in association with a Z, W, or a Higgs boson (ttZ, ttW, ttH,
tqZ), and Drell-Yan and multi-boson production (WWW, WWZ, WZZ, and ZZZ).

4.1 Top quark background

Both single-top and top-pair production populate low regions in the distributions of the three
analysis variables M1, (£¢), M1 (bfbl), and Mr,(bb) if events are well measured. Studies based
on simulation show two main sources for top quark background in the signal regions. First, a
severe mismeasurement of jet energy caused by losses of photons and neutral hadrons shower-
ing in masked channels of the calorimetry can induce EX'® mismeasurement and promote an
otherwise well-measured event to the signal regions. A control region |m(ll) — mz| < 15 GeV
in the same-flavor channel can be used to constrain any mismodeling of this rare effect from
comparing the EM* tail between data and simulation. It is found that for the available data set,
the simulation very well predicts such mismeasurements and that no sign of unaccounted ef-
fects in the EMsS measurement is observed. Furthermore, the modeling of the tail of the analysis
variables is validated in control regions with a veto on b-tagged jets and inverted requirements
on Nies and/or EIT’niss and S. As an example, Fig. 3a.shows the M, (¢¢) distribution in the
opposite flavor channel with Npjes > 1, Njets > 2, ET™** < 80, and no requirement on S. No
significant sign of mismodeling is found in any of the control regions over at least three orders
of magnitude. The uncertainties from experimental effects as described in Sec. 5 are shown
with a hatched band.

Second, an electron or muon may fail the identification requirements or the event may have a
tau lepton produced in a W decay. If there is a misidentified lepton from the hadronization
of a b-quark or a charged hadron misidentified as a prompt lepton in the same event, the
reconstructed value for M7, (¢¢) need not respect the W mass endpoint. For this contribution,
we select events with one additional lepton selected by loose isolation requirements (2 tight
leptons, one loosely isolated lepton) on top of the selection in Table 1. In order to mimic the lost
prompt lepton background, we recompute M (¢¢) by combining each of the isolated leptons
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with the extra lepton in both data and simulation. Since the transverse momentum balance
is not significantly changed by lepton misidentification, the EsS observable is not modified.
The resulting Mr;(¢¢) distribution is shown in Fig. 3b. We observe an overall good agreement
between simulation and data, indicating that simulation describes such backgrounds well.

Based on the statistical precision of these control regions, we assign a conservative uncer-
tainty between 50% for the lowest regions in M7, (¢¢) up to 100% in the highest region where
Mr;(€¢) > 240 GeV and proceed to predict the background from single-top and tt production
by normalizing simulated templates in data events in the selection defined by M, (¢0) < 100
GeV. In this way, experimental uncertainties affecting the overall normalization are largely
reduced.
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Figure 3: Mr,(¢¢) distributions in two control regions enriched by tf events. Simulated yields
are normalized to data using the yields at Mr,(¢¢) < 100 GeV.

4.2 tt+X background

Top quark and top quark pair production in association with a boson (ttZ, ttW, ttH, tgZ) form
an irreducible background in decay channels where the bosons decay to leptons or neutrinos.
Among these, the ttZ background with a Z boson decay via Z — v providing extra genuine
EIT“iSS, is the dominant one. The overall normalization of this contribution is measured in the
decay mode

pp — tZ — (t — blEv) (t — bjj) (Z — (F£F),

in control regions with exactly three leptons (upu, uue, pee and eee) where the leading, sub-
leading and trailing lepton transverse momentum are required to satisfy thresholds of 30, 20
and 10 GeV, respectively. The invariant mass of the two same-flavor leptons with opposite
charge is required to satisfy |my —Mz| < 10 GeV and is shown in Fig. 4a. The distribution of
Nyjets is shown in Fig. 4b. In order to reach high ttZ purity Niets > 3 and Nyjers > 1 are required.
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Figure 4: Control region used for normalization of the ttZ process. The hatched band contains
the uncertainties due to luminosity, jet energy scale, jet energy resolution, trigger efficiencies,
b-tagging efficiencies, lepton selection efficiencies, pileup reweighting, scale and PDF uncer-
tainties as well as the uncertainties due to non-prompt leptons and other SM processes.

The measurement of the signal strength
=0 89+0.18 tat +0.13 )
r = 0.897 4(stat) J15(sys) @)

combines all flavor channels and has been documented separately [39]. It is then used to nor-
malize the ttZ background in the signal regions where the uncertainties on r are fully taken into
account in the background prediction.

Furthermore, we constrain a potential mismodeling of the ttZ (Z — v7) distributions in a tty
control sample by using the photon as proxy for the Z boson and adding its momentum to
the EMss. After suitable reweighting of the simulated boson momentum, which mitigates the
difference between the massive Z boson and the massless photon, we find very good agreement
between simulated tty and ttZ distributions. Repeating the exercise on data, we constrain the
mismodeling to 20% and assign this as an additional uncertainty.

4.3 Drell Yan and diboson background

Drell-Yan events provide no source for genuine EFsS and therefore constitute only a small
background component after the analysis selection. In order to measure the residual contri-
bution, we select same-flavor di-lepton (e*eT, u*1T) events where we invert the Z-veto, b-jet
requirements, and the angular separation requirements on jets and EXsS. We furthermore re-
quire M7, (£¢) > 100 GeV in order to select events with similar kinematical properties as in
the search regions. The M, (¢¢) distribution with this selection is presented in Fig. 5. From
simulation, this selection is expected to contain about 85% Drell-Yan events. We calculate a
scale factor of 1.30 &= 0.12 that we use to scale the simulated contribution. Applying the nomi-
nal requirements on A¢(ji 2, E™%), in turn, provides a control region with 70% diboson events
based on simulation. It is shown in Fig. 5b and the corresponding scale factor is calculated to
be 1.45 £ 0.26.
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Figure 5: Distributions of Mr,(¢¢) in a DY (left) and diboson (right) dominated region for
same-flavor (ee/up) events falling within the Z-mass window, Njets > 2 and no b-tagged jets.

5 Systematic uncertainties and signal acceptance

The uncertainty on the integrated luminosity is 6.2%. Simulated samples are reweighted ac-
cording to the distribution of the true number of interactions at each bunch crossing. The
uncertainty on the total inelastic pp cross section, which affects the pileup estimate, is 5% and
leads to uncertainties of approx. 1-3% on the expected yields.

Reconstructed lepton selection efficiencies are measured with a tag-and-probe method using
Z — Il events in bins of pr and pseudorapidity of leptons and the total hadronic activity in the
vicinity of the lepton. These measurements are performed separately in data and in simulation.
Typical values range from 70% to 80% and scale factors are applied to correct the differences
between data and simulation. Their uncertainties are less then 3% per lepton in most search
and control regions.

Uncertainties on the jet energy calibration are estimated by shifting the energy of jets in the
simulation up and down by one standard deviation. Depending on transverse momentum
and pseudorapidity, the uncertainty on the jet energy scale is typically 1-5% on the simulated
yields, except in the lowest regions in M, (¢¢) where it can increase to up to 30%. In addi-
tion, the energy scale of deposits from soft particles that are not clustered in jets are varied
within uncertainties and amount to up to 3.5% with a similar increase up to 25% in the lowest
Mt (£0) region. The observed differences between the varied and the original results are taken
as uncertainty for the background components which are taken from simulation. The b-tagging
efficiency in the simulation is corrected using scale factors determined from the data [40] and
uncertainties are propagated to all simulated events. These contribute an uncertainty of about
1-5% on the predicted yields depending on transverse momentum and pseudorapidity of the
jet. Efficiencies of the dilepton triggers are measured in data that are selected independently
by the presence of jets and by EM* requirements. Typical values range from 95% to 99% with
uncertainties close to 1%, depending on the momenta and pseudorapidity of the leptons.



Table 3: Minimal and maximal relative errors for the systematic uncertainties over all signal
regions in Fig. 9. Numbers are given relative to the total background contribution per signal
region.

systematic impact on total prediction (%)
MC statistics 4-40
pile-up <3
JEC <30
unclustered energy <25
top-pr <3
trigger efficiency <1
lepton efficiency <3
b-tagging efficiency (heavy flavor) <4
b-tagging efficiency (light flavor) <5
top background <50
ttZ background <12
multiboson background <10
ttX (excl. t{Z) background <8
DY background <12

Motivated by measurements at /s = 8 TeV, simulated tt events are weighted within uncertain-
ties of the modeling of the top quark transverse momentum [41], while preserving the overall
normalization. The difference relative to the unweighted tt sample is assigned as a systematic
uncertainty which typically contributes about 1-3% on the predicted yields.

Uncertainties on the scale factors for single top and top-quark pair production, Drell-Yan and
diboson backgrounds are taken into account as described in Sec. 4. For the small contribution
from top-quark pair production in association with a W or a Higgs boson, we assess an un-
certainty of 20% on the cross section. Rare SM processes like multibosons are assigned a 50%
systematic uncertainty. In addition, all of the experimental uncertainties described above are
evaluated for each of these processes in all signal regions. The statistical uncertainties due to
the limited amount of simulated events and the Poissonian uncertainties from normalization
region measurements are treated fully uncorrelated and amount to up to 40%. A summary of
the systematic uncertainties on the background prediction is presented in Table 3.

Most of the sources of systematic uncertainties affect the prediction of both the signal and
the background estimates. They are evaluated separately for the backgrounds and each SUSY
particle mass configuration. We estimate the effect of missing higher-order corrections on the
signal acceptance by varying the renormalization and factorization scale [42, 43] up and down
by a factor of 2 and find uncertainties of typically < 1%. The same variations have a negligible
effect on the simulated background. The modeling of initial-state-radiation (ISR) is relevant for
the signal modeling in cases where the stop and the LSP mass are similar. The uncertainty is
determined by comparing the simulated and observed spectra of the number of ISR jets in tt
events. The effect is generally found to be small, although in scenarios with a compressed mass
spectrum the effect can be as large as 30%. An uncertainty on potential differences of the mod-
eling of ETS in data and the fast simulation of the CMS detector is evaluated by comparing the
reconstructed ETsS with the ET'® obtained using generator-truth information. This uncertainty
ranges up to 20%. Uncertainties due to luminosity, ISR recoil, EX resolution, b-tagging and
lepton efficiencies are treated as correlated across search regions. No additional uncertainty
from variations of the PDF set is taken as it is found to be mostly redundant with the recoil ISR
uncertainty.
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6 Results

6 Resulis

Using 12.9 fb~! data, we observe no significant excess beyond the SM prediction. Results split

for each signal region are shown in Figs. 6 and 7 and in Table 4.

For setting limits, a likelihood function is formed from all search regions containing Poisson
probability functions for all data regions. Same-flavor and opposite-flavor signal regions are
kept separate as shown in Table 4. The correlations of uncertainties in Sec. 5 are fully taken
into account. A profile likelihood ratio in the asymptotic approximation [44] is used as the test
statistic. Limits are then calculated at the 95% confidence level (CL) using the asymptotic CLs
criterion [45, 46]. We interpret the result in the mass plane of f and §!, assuming the top squarks
to be unpolarized and show the result in Fig. 10.

Table 4: Yields for data and total expected background in each of the signal regions for same-
flavor (ee/ py), different-flavor (ep) and all channels combined with all systematic uncertainties

as described in Sec. 5.

same-flavor different-flavor all
signal region| expected  observed expected observed | expected  observed
0 29+ 14 27 28 £ 14 40 56 £ 27 67
1 20+ 11 3 1.0+ 06 3 30+ 15 6
2 15+ 7 17 13 £ 7 18 28+ 13 35
3 20 £ 09 2 1.1+ 05 1 31 £ 13 3
4 0.09 &+ 0.06 0 0.060 £ 0.035 0 0.15 £ 0.07 0
5 0.60 £+ 0.27 1 09+ 06 0 15+ 08 1
6 0.26 £ 0.08 0 0.12 £ 0.09 0 0.37 £ 0.13 0
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Figure 6: M, (¢¢) distributions of observed events in uy, ee, ey channels compared to the
predicted SM backgrounds using simulation in the selection defined in Table 1. The shaded
band covers all uncertainties discussed in the text.
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7 Conclusions

We presented a search for supersymmetry in a final state of two leptons, b jets, and large miss-
ing transverse momentum, originating from decays of pair-produced top squarks to two top
quarks and neutralinos, with a subsequent fully leptonic decay of the top quarks. We used
a data set corresponding to an integrated luminosity of 12.9 fb~! of pp collisions collected in
2016 at a center-of-mass energy of 13 TeV with the CMS detector at the LHC. An efficient back-
ground reduction using dedicated kinematical variables was achieved, with in particular the
large background of SM dilepton tt events suppressed by several orders of magnitude.

We observe no evidence for an excess above the expected background from standard model
processes. For neutralino masses of M < 150 GeV, mass configurations with m; < 650 GeV

are excluded at a confidence level of 953/0.
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