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Abstract

A statistical combination of two analyses targeting direct stop pair production and requiring
respectively no leptons and one lepton in the final state is presented. The observed exclusion
limit on the stop mass for a small neutralino mass in a scenario where the stop is assumed
to decay only into 7 — ¢ )2(1) is 700 GeV. This is an increase by about 50 GeV with respect to
the limits obtained by the individual analyses. Limits are also presented when varying the
branching fraction between the stop decaying by 7, — ¢ /\7(1) and 7, — bx7.
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1 Introduction

In a theory with broken supersymmetry (SUSY) [1-9], the mass scale of the supersymmetric particles
is undetermined. However, the additional assumption that SUSY provides a solution to the hierarchy
problem [10-13] imposes constraints on the SUSY particle spectrum, suggesting that some of them have
masses within the reach of the LHC [14, 15].

The scalar partner of the top quark (the stop) is among these particles. In a supersymmetric extension [ 16—
20] of the Standard Model (SM), the large Yukawa coupling of the top quark to the Higgs sector makes
the predictions at the electroweak scale sensitive to the masses of the stop states. The supersymmetric
partners of the left-handed and right-handed top quark states (7, and 7, respectively) mix to form the mass
eigenstates 7, and 7, (7, being the lightest by definition).

The ATLAS [21] and CMS [22] collaborations have searched for the stop [23-38] using data from the
proton-proton collisions produced by the LHC at /s = 8 TeV. These extensive searches have found no
evidence for stop signals, leading to exclusion limits in many SUSY models.

The aim of this note is to provide a statistical combination of the analyses targeting stop pair production
with final states containing either no leptons or one lepton! and described in Refs. [23] and [24] (referred
to as tOL and t1L respectively in the following). The scenario considered assumes that the stop can decay
into either 7, — ¢ )2?, where )2(]) is the lightest neutralino, or into 7, — b7, where y7 is the lightest
chargino (a mass of the lightest chargino of m = 2m 0 motivated by gauge universality considerations,
is assumed here). Sketches of the relevant diagrams are shown in Figure 1. It is also assumed that
the mass of the stop exceeds the sum of that of the top quark and the neutralino, such that the decay
i, —t )2(1) is always kinematically allowed. The event selections of the tOL and t1L analyses are mutually
exclusive and provide a comparable sensitivity to these scenarios, hence making a statistical combination
meaningful.
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Figure 1: Diagrams for 7, pair production followed by the decay of the stop into 7, — ¢ )2(1) orf, = byy.

After a quick review of the general analysis strategy (in section 2) and a brief summary (in section 3) of
the tOL and t1L event selections, the procedure adopted for the combination, and the results obtained are
described in section 4.

! The analysis requiring two leptons in the final state of Ref. [25] is not included in the combination, given the lower sensitivity
to the scenarios considered.



2 General analysis strategy

The two analyses used in the statistical combination presented in this note share a common analysis
strategy and common statistical techniques, which are described in Ref. [39].

Signal regions (SRs) are defined, which target one specific model and SUSY mass parameter set. Their
event selections are optimised by relying on the Monte Carlo simulation of both the SM background
production processes and the signal. No use of the observed event yields is made during this step. The
optimisation process aims to maximise the expected sensitivity to the models considered, and takes into
account the possible interplay of different signal regions.

For each SR, multiple control regions (CR) are defined to constrain the normalisation of the most relevant
SM production processes. The event selections of the CRs are mutually exclusive, and they are such that
the event yield is dominated by one specific background process. The event yields in the CRs, together
with the MC expectations both in the CRs and SRs, are used to estimate the SM background composition
from the CRs into the SRs.

A likelihood function is built as the product of Poisson probability functions, describing the observed
and expected numbers of events in the control and signal regions. The observed numbers of events
in the various CRs are used to determine the normalisation parameters for the dominant background
processes, thus generating internally consistent SM background estimates for each of the SRs via a profile
likelihood fit. Systematic uncertainties are treated as nuisance parameters in the fit and are constrained
with Gaussian functions. The fit procedure takes into account correlations in the yield predictions between
different regions due to common background normalisation parameters and systematic uncertainties, as
well as contamination from SUSY signal events in the CRs, when a particular model is considered for
exclusion.

The full procedure is validated by comparing the background predictions from the fit results and the
shapes of the distributions of the key analysis variables to the observed event yields and shapes in dedic-
ated validation regions (VRs), which are defined to be kinematically similar to the signal regions while
keeping the possible signal contamination under control.

After successful validation, the observed yields in the signal regions are compared to the predictions.
The profile likelihood ratio test-statistic [40] is used first to compare the data to the SM background-only
hypothesis, and then to exclude the signal plus background hypothesis in specific signal models. A signal
model is said to be excluded at 95% confidence level (CL) if the CL; [41,42] of the test-statistic of the
signal plus background hypotheses is below 0.05.

3 Experimental Signatures

The discussion of the tOL and t1L analyses is reduced to a reminder for sake of brevity. Table 1 sum-
marises the full list of signal regions defined by the analyses, together with the model targeted and the
references to the corresponding published papers.



Table 1: List of the signal regions defined by the tOL and t1L analyses, together with the SUSY model that they
target.

Analysis name and - . . Model targeted
. Original signal region name
corresponding reference

SRA1-SRA4, 70

All-hadronic states [23] - tOL SRB INSES
SRC1-SRC3 [,7, = LRV RT with mge = 2m g0
tN_diag fl - t)?‘l) with Mg ~ Miop + M 0

tN_med, tN_high, tN_boost 2 | =t )2?

bCa_low, bCa_med, bCb_medl,
One lepton final states [24] - tIL | bCb_high, bCb_med2, bCc_diag, > byt
bCd_bulk, bCd_highl, bCd_high2
3body i, = bW ¢ (3-body decay)

tNbC_mix [,7, = by 7 with mge = 2m g0

All-hadronic final states The analysis has been designed to be sensitive to final states arising from all-
hadronic decays of pair produced stops [23]. Two sets of signal regions have been optimised to maximise
the sensitivity to topologies arising from 7, — ¢ )2(1) decays, assumed to occur with a branching ratio of
one. The first set of signal regions, named tOL-SRA, assumes that both top quark hadronic decays can
be fully resolved by making use of six anti-k; jets with R = 0.4. The signal is extracted from the SM
background (dominated by ¢ and Z+ heavy flavour jets production) based on the presence of two hadronic
systems consistent with top quarks and large missing transverse momentum. The second signal region,
named tOL-SRB, targets a similar scenario, but aims at signal topologies where the top quarks have a
large boost. Designed to select final states with four of five R = 0.4 anti-k; jets to be mutually exclusive
with tOL-SRA, the event selection relies on the presence of R = 0.8 and R = 1.2 anti-k; jets containing
the hadronic decay products of the two top quarks: their masses, together with other variables including
transverse mass variables computed with the missing transverse momentum and jets in the event are used
as discriminant against the dominant SM ¢z, Z + jets and W + jets production background processes.

Finally, a third set of signal regions, named tOL-SRC, has been designed to increase the analysis sensitivity
to decays in which the stop decays into 7, — b y7. These signal regions require five anti-k; jets with
R = 0.4, and they are based on a set of transverse mass variables aimed at rejecting the dominant SM 7
production process.

One lepton final states The large number of signal regions defined by this analysis stems from the vari-
ety and complexity of the possible stop final states considered [24]. All signal regions are characterised
by the presence of one lepton (electron or muon), a veto on other leptons, a minimum of two jets and a
large amount of missing transverse momentum. A first set of signal regions have been optimised assum-
ing a branching ratio of 100% for the decay 7 — ¢ )2(1). The four signal regions aim at having sensitivity
to different Am(Z, )2(1)), with t1L-tN_diag targeting compressed scenarios and making full use of the shape



information of the E%‘iss and mr distributions? to maximise the sensitivity in this difficult region. The
tIL-tN_boost SR targets regions with the largest Am(7, )2(1)), where the top quark produced by the stop
decay has a large boost: the use of large radius jets is the key ingredient to maximise the sensitivity in
this region.

The decay 7 — j7b introduces additional degrees of freedom in the decay. The final state kinematics is
largely driven by the mass separation between the stop and the chargino Am(7, ¥7), and by that between
the chargino and the neutralino Am(y7, )2(1)). Several signal regions, identified by the prefix t1L-bC
have been designed and optimised depending on the mass hierarchy. Four possible categories of mass
hierarchies are considered: the first mass hierarchy is characterised by small values of both Am(¥7, /\??)
and Am(%, x7), with soft leptons emitted in the chargino decay and soft b-jets arising from the stop decay
vertex. A second hierarchy still considers compressed chargino-neutralino scenarios, but targets larger
values of Am(x7, )2(1)), hence it has a harder jet spectrum. The third mass hierarchy aims at scenarios
where Am(7, y7) is small, while the fourth hierarchy targets scenarios for which both Am values are
sizeable.

The four signal regions t1L-bCa_low, t1L-bCa_med, t1L-bCb_med]1, t1L-bCb_high, have the common
feature of making use of a dedicated soft lepton selection. The t1L-bCa signal regions require a hard
initial state radiation jet to boost the stop pair system and produce a sizeable amount of missing transverse
momentum. The t1L-bCb exploit the presence of two relatively hard b-jets in the event.

The signal region t1L-bCc_diag targets a mass hierarchy complementary to that of the t1L-bCb. The
small value of Am(%, ¥7) gives rise to soft b-jets, hence no b-tagged jets are required for this region, but
a relatively high-pt lepton arising from the W decay.

Topologies arising from scenarios where both Am(7, ¥7) and Am(¢7, /\??) are sizeable are targeted by
the three t1L-bCd regions: they all require four jets in the final state; they are characterised by different
b-jet multiplicities and they apply different selections on E{I‘i“, mt and amry? variables. A veto on
additional isolated tracks and loose tau candidates helps in suppressing the dominant SM background
from dileptonic ¢f decays.

The last two signal regions in table 1, t1L-3body and t1L-tNbC_mix have been optimised for two addi-
tional possible scenarios. If Am(7, /\??) < myop and the mass hierarchy or the model parameters suppress
the decay through a chargino, then the dominant stop decay is 7 — bW )2(1), through an off-shell top quark
(3-body decay). This dedicated signal region relies on the shape information from the mt and amr, vari-
able distributions. Finally, t1L-tNbC_mix is designed to recover sensitivity in scenarios where the stop is
assumed to decay with similar probabilities to ¢ )2(]) and b y7: the selection aims at rejecting the dominant
dileptonic ¢7 background by making use of a fopness variable [45], which is obtained by minimising a y>
function indicating the similarity of the event to dileptonic #¢ decay.

2 The transverse mass mt between the lepton with transverse momentum 7 and the missing transverse momentum vector p?iss

with magnitude E%liss is defined as

mr = 2 (IFTIEDS - jr - poiss) )
and it is extensively used in one lepton final states to reject SM background processes containing one W boson decaying
leptonically.
3 The asymmetric stransverse mass variable is a variant of the stransverse mass variable [43,44] defined to efficiently reject
dileptonic #f decays. It is assumed that one W — [v boson decay on one leg and the neutrino on the other decay leg go
undetected, hence the “asymmetry” in the name.



4 Combination of the tOL and t1L analyses

Both the tOL and the t1L analyses have dedicated signal regions targeting the pair production of stops,
followed by the decay into 7, — ¢ )[/(1) with a branching fraction of 100%. Indeed, the expected sensitivity
of the two analyses to this decay mode is comparable. The signal region selections are mutually exclusive
by definition, hence an appropriate statistical combination of the results is expected to significantly extend
the ATLAS sensitivity for such scenarios.

Moreover, both the tOL and the t1L analyses have published exclusion limits for models where the stop
is assumed to decay either through 7, — ¢ )2(1’ or 7, — by7 as a function of the branching ratio x of the
former, and assuming m o= 2m 0. The two analyses have a comparable sensitivity for large to moderate
values of x, while the t1L analysis has a larger sensitivity at small x.

The statistical combination of the two analyses is performed by running the combined fit simultaneously
on the control and signal regions of the two analyses. The detector-level systematic uncertainties are
treated as correlated by using, for each of the uncertainties considered, one single nuisance parameter.
The supersymmetric signal parameter strength used is the same for the two analyses, while the normal-
isation parameters for the background processes are kept independent in each analyses’ control and signal
regions*. The nuisance parameters associated with modelling uncertainties of the various processes are
also kept.

The control regions of the two analyses are not mutually exclusive: the events that belong to both a CR
of tOL and one of t1L are, at most about 2% (15%) of the total number of events of the tOL (t1L) CR .
The strategy adopted is to remove them from the corresponding tOL CR for the combination. It has been
verified that such removal does not affect the individual results of the tOL analysis.

For each combination performed, the fit setup is validated by checking that the background normalisation
parameters obtained are compatible with those obtained separately by the two analyses, by verifying that
no additional constraint of the nuisance parameters is introduced with respect to the individual fits and by
checking that no artificial correlation is introduced between any of the fit parameters.

The first combination is performed targeting a simplified model where the only stop decay is 7, — ¢ )2(1).
For m; < 400 GeV or my = mgo < 250 GeV, the t1L analysis outperforms the tOL analysis in terms
of sensitivity, hence combining the two is not useful, so the t1L is used in these regions. Otherwise, the
set of signal regions in tOL that gives the smallest expected value of the CLy (among the combination
tOL-SRA+tOL-SRB and tOL-SRA+t0L-SRC used in Ref. [23]) is combined with the signal region giving
the smallest expected CL; among t1L-tN_medium and t1L-tN_boost. Figure 2 shows the combined limit
of the two analyses. An expected limit about 50 GeV higher in stop mass is achieved at low m 0 with
respect to the individual analyses. The observed limit is increased by roughly the same amount.

A similar combination is performed that targets a scenario where the stop can decay into 7, — ¢ /\?? with
branching ratio x and into #;, — b g7 with branching ratio 1 — x. The mass of the chargino is assumed to
be twice that of the neutralino. Neutralino masses below 50 GeV are not considered, to take into account
limits on the lightest chargino mass obtained at LEP [46-50]. The exclusion limits have been derived

4 The choice is motivated by the fact that the phase space regions in which the two analyses determine the normalisation
parameters of the 7, Z + jets and W + jets (for tOL) and 77 and W + jets (for t1L) are characterised by different kinematic
selections and jet multiplicities.
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Figure 2: Combined exclusion limits at 95% CL in the scenario where both top squarks decay exclusively via 7, —
t )2(1). The black dashed line indicates the expected limit, and the yellow band indicates the +10 uncertainties, which
include all uncertainties except the theoretical uncertainties in the signal. The red solid line indicates the observed
limit, and the red dotted lines indicate the sensitivity to =10 variations of the signal theoretical uncertainties. For
comparison the dotted green and blue lines show the expected limits from the stand-alone tOL and t1L analyses.



for x = 75%,50%,25% and 05 . Regardless of the branching ratio considered, it is always assumed that
mi > mg + mgo and mg > mp + mps, such that the two decays t - t/\(l andt — by¥ are both
kmematlcally allowed A full statlstlcal comb1nat1on identical in setup to the one Just descrlbed is used
for x = 75%. For smaller values of x, no combined fit is performed, rather either the tOL or the t1L
analysis is used, depending which one gives the smallest expected CL; value.
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Figure 3: Combined exclusion limits assuming that the stop decays through 7, — ¢ )2(1) with branching ratio x and
through 7, — by} with branching ratio 1 — x. The limits assume m o = 2m 0, and values of x from 0% (inner
contours) to 100% (outer contours) are considered. For each branching fractlon the observed (with solid lines) and
expected (with dashed lines) limits are shown.

Figure 3 shows the result of the combination. The limit is improved, with respect to the individual
analyses, by about 50 GeV for m 0= 50 GeV at x = 75%. For lower x values, the t1L analysis is used on
the full plane, with the exception of the region at the highest stop mass for m 0= =50 GeV at x = 50% and
25% (this is in fact the reason for the observed limit being closer to the expected one for these curves).

5 A value of x = 0 is not achievable in a supersymmetric model. This value has been nevertheless consider as a limit case in a
simplified model.



5 Conclusion

The results from the analyses of Refs. [23] and [24], selecting events containing no leptons and one lepton
respectively, have been combined in a common fit. The resulting exclusion limit in a scenario where
the stop decays into a top quark and a stable neutralino extends the exclusion limits of the individual
analyses by about 50 GeV for large stop masses. Stop masses up to 700 GeV are excluded for small
neutralino masses. Exclusion limits derived for a scenario where the stop decays into either 7, — ¢ )2(1)
(with branching fraction x) or 7 b /ﬁ (with branching fraction 1 — x), where m o= 2m 0 is assumed,
are also significantly extended by the combination for x > 50%.
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