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1 Introduction

The aim of this note is to assess the ATLAS sensitivity to top squark (stop in the following) pair production
using the dataset expected to be collected by the upgraded detector during the Large Hadron Collider (LHC)
high luminosity data-taking (HL-LHC in the following). The stops are the scalar supersymmetric [1-6]
partners of the top quark fermionic degrees of freedom: for each of the two top chirality eigenstates #; , 5
the existence of partner scalar states 7} , 7 is postulated. The two scalar states mix to form mass eigenstates
1, I, where, by convention, 7, is the lightest. Because of the large top quark Yukawa coupling, large
stop masses tend to introduce large fine tuning [7, 8] in many supersymmetric models (and notably in the
MSSM [9, 10]). Naturalness requirements normally set upper bounds for stop masses in the TeV range
(although recent re-analyses of the fine tuning concept led to relax these requirements significantly [11]).
These bounds may imply that the stops are within energetic reach of the LHC. This has triggered a lot of
interest by the LHC collaborations (see, for example, Refs. [12-16]). Tight constraints have been set by
both the ATLAS and CMS collaborations in many simplified and more realistic supersymmetric models.

This work aims to extend the analysis described in Ref. [17] and develop an event selection yielding optimal
sensitivity to stop pair production with 3 ab™! of proton-proton collisions, expected to be collected by
ATLAS by the end of the HL-LHC run. R-parity is assumed to be conserved [18]. The only supersymmetric

particles assumed to have impact on the stop decay are the stop itself and the lightest supersymmetric
particle (LSP), assumed to be a neutralino. With these assumptions, the stop decay is 7, — ¥ ?, where
the star indicates that the top quark can possibly be off mass-shell, depending on the mass difference
between the stop and the neutralino masses, Am(f;, X 10). The final state considered is that where both top
quarks decay hadronically: it is hence characterised by the presence of many jets and b-jets, and by missing
transverse momentum p™** (whose magnitude will be indicated by Ef™™ in the following) stemming from
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the presence of the two X1. The process is illustrated in Figure 1.
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Figure 1: Signal processes considered in this analysis. The top quark can be either on or off mass-shell.

Two kinematic regimes are considered:

* If the difference between the stop and neutralino masses is large with respect to the top quark mass

Am(f;, X ?) > my,,, then the top quarks emitted in the stop decay are produced on shell, and they

. =0
have a boost in the laboratory frame proportional to Am(7;, X1). The final state is hence characterised
by high pp jets and b-jets, and large E} . Typical analyses in this kinematic regimes have large

signal acceptance, and the sensitivity is limited by the signal cross section, that decreases steeply



with increasing m (7;). The sensitivity to 3 ab~! of proton-proton collisions in this kinematic regime
was already studied in Ref. [19]. This regime is the target of the “large Am” analysis described in
this document.

o If Am(f}, X 10) ~ My, then the extraction of the signal from the Standard Model (SM) background
stemming from mainly ¢¢ production requires a focus on events where the stop pair system recoils
against substantial initial-state hadronic activity (ISR). The upgrade sensitivity to this scenario has
never been investigated before by ATLAS in final states with no leptons (see Ref. [20] for a study in
final states with two leptons). It is the target of the “diagonal” analysis described in this document.

2 The ATLAS Detector

The predicted response of the ATLAS during HL-LHC is emulated by a set of smearing functions applied
on top of the final-state particles, defined as those with a lifetime larger than 7 = 30 ps. A description
of the emulation of the upgraded ATLAS detector is given in Ref. [21]. The smearing functions have
been determined from a full GEanT 4 [22] simulation of the upgraded ATLAS detector [23] assuming an
average number of additional collisions per bunch-crossing (i) = 200.

3 Event Simulation

The analysis is performed on datasets of SM background processes and supersymmetric signals simulated
through different event generators. Signal models are all generated assuming a proton-proton collision centre-
of-mass energy /s = 14 TeV with MapGraPu5_aMC@NLO 2.2-2.4 [24] interfaced to PyTHiA 8 [25] for
the parton showering (PS) and hadronisation and with EvTGen 1.2.0 [26] for the b- and c-hadron decays.
The matrix element (ME) calculation is performed at tree level and includes the emission of up to two
additional partons for all signal samples. In case of top quark off-shell decay, the MadSpin routine is used
to preserve the correct spin correlations and phase space modelling. The parton distribution function
(PDF) set used for the generation of the signal samples is NNPDF2.3LO [27] with the A14 [28] set of
tuned underlying-event and shower parameters (UE tune). The ME-PS matching was performed with the
CKKW-L [29] prescription, with a matching scale set to one quarter of the mass of the 7;. All signal cross
sections were calculated at next-to-leading order in the strong coupling constant, adding the resummation
of soft-gluon emission at next-to-leading-logarithm accuracy (NLO+NLL) [30-32]. They strongly depend
on the stop mass: for example, the stop pair production cross section is 12.9 (0.14) fb for a stop mass of
900 (1600) GeV.

SM background samples were produced with different MC event generators depending on the process.
The background sources of Z + jets and W+ jets events were generated with SHERPA 2.2.1 [33] using the
NNPDF3.0NNLO [27] PDF set and the UE tune provided by SHErPA. Top-quark pair production where at
least one of the top quarks decays semileptonically and single-top production were simulated with PowHEG-
Box 2 [34] and interfaced to PyTHia 8 for PS and hadronization, with the CT10 [35] PDF set and using
the PErRUGIA2012 [36] set of tuned shower and underlying-event parameters. MADGRrRAaPHS_aMC@NLO
interfaced to PyTHiA 8 for PS and hadronization was used to generate the ¢f +V (where V is a W or Z
boson) samples at NLO with the NNPDF3.0NLO PDF set. The underlying-event tune used is A14 with the
NNPDF2.3LO PDF set. Additional information can be found in Refs. [37-40]



Z +jets, W+ jets, tf +V, diboson and single top s— and r—channel production events are all simulated
assuming /s = 13 TeV, and an event weight is assigned according to the ratio between the relevant PDF
distributions to emulate /s = 14 TeV events. Wt and t7 production events are generated directly assuming
a centre-of-mass energy /s = 14 TeV. The samples are normalised to the /s = 14 TeV cross section at
NNLO (for 7 [41]) and NLO (for Wt [42]). The values used are o,; = 984.5 pb and o, = 84.4 pb.

4 Final State Object Definition

The event selection is based on variables constructed from the kinematics of particle-level objects, selected
according to reconstruction-level quantities obtained from the emulation of the detector response for
HL-LHC [21].

Electrons are defined with a Loose identification criterion with p; > 7 GeV and |n| < 2.47. Muons
are defined with a Loose identification criterion, and are required to have p; > 6 GeV and || < 2.7.
Baseline anti-k, R = 0.4 jets [43, 44] are required to have pp > 20 GeV and || < 2.8!. Jets arising from
the fragmentation of b-hadrons are tagged with a nominal efficiency of 70%, computed on a 7 sample
simulated assuming (u). The corresponding rejection factor for jets originating from the fragmentation of
a ¢ (light) quark is about 20 (750) [45]. Ambiguities between the reconstruction of leptons and jets are
resolved following the same overlap-removal procedure outlined in Ref. [17].

Reclustered jets are created by applying the anti-k, algorithm with distance parameters AR = 0.8 and
AR = 1.2 on signal jets, indicated in the following as anti—k?'8 and anti—kll 2 jet collections. A trimming
procedure [46] is applied that removes R = 0.4 jets from the reclustered jets if their py is less than 5% of
the py of the anti—/’c?'8 or anti—ktl‘2 jet pr.

5 Event Selection

Two different event selections are developed. They respectively target the signal parameter space where
Am(f,, X ?) > my,, or Am(f,, X ?) ~ My, They will be referred to as the “large Am™ and “diagonal”
analyses respectively. In both cases, the selection follows closely that developed for the analysis of the
dataset collected in 2015 and 2016, published in Ref. [17]: the same set of selection variables is used,
although the thresholds are in some case modified to account for the higher integrated luminosity and the
higher level of noise induced by pileup collisions at the HL-LHC.

5.1 Large Am Selection

The variables used in Ref. [17] for the event selection in the signal regions targeting large Am(7,, X ?) are
here briefly summarised:

* Nyep: The total number of baseline leptons in the event after overlap removal.

! Although the upgraded ATLAS detector will allow to efficiently suppress pileup up to large pseudorapidity, the final state
objects produced by stop pair production tend to be central: it has been verified that increasing the pseudorapidity of the jet
selection does not affect the final result of the analysis.



* Nje: The total number of signal jets.

* Nj_je* The total number of b-jets.
. pjTEﬁ: The py of the i-th anti-k?'4 jet (where the ordering is done in py). The leading jet is labelled
withi = 1.

ti-k [ . : . C o .
?n " : The mass of the i-th (ordering done in mass) reclustered anti-k, jet reconstructed with

distance parameter R. The leading jet is labelled with i = 1.

« m": The transverse mass my2 between the ™ and the b-jet with the minimum A¢ to the pi™™*

This variable is known to have a kinematical end-point at the top quark mass for SM ¢ production.

* AR;;: The AR distance between the two b-jets in the event. If more than two b-jets are present,
those with the highest p are considered.

2 .
. m’.}f : Stransverse mass computed using the py " and the transverse momenta of the top candidates.

They are defined by minimising (among all possible candidates) a )(2:

candl truth 2
5 My — My w w Myop top Myop top
+ + +

X = truth truth truth truth
My My top top

( cand2 truth)2 ( candl truth)2 ( cand2 truth)2
m —m —m —m

The candidates W are constructed using all possible combinations of one and two non-b-tagged jets.
If more than two b-jets are present, the two with the highest p are considered.

A preselection is applied, which is summarised in Table 1. A lepton veto and a selection on the number
of jets characterise the choice of focusing on fully hadronic events. The selection on A¢ (E}niss, jetl’z) is

miss

known to be extremely effective in suppressing multijet production events, where the pp ~ vector tends
to be aligned with one of the jets. The selection on E}mss exploits the presence of the non-interacting
neutralinos in the final state. The selections on the anti—ktl'2 and anti—k?'8 jet masses exploit the potential
presence of boosted top quarks and W-bosons in the final state. The selection on mrT“li“ is effective in
suppressing events from SM 7 production.

For the evaluation of the final exclusion sensitivity, a set of mutually exclusive signal regions is defined.
The background after preselection is dominated by #f and single top Wt production. For both of these
processes, the largest contribution comes from events where one of the two W bosons decays hadronically
and the other decays leptonically (there including W — 7v). The dominant background processes hence
feature at most one hadronic top and/or W decay, while the signal features two of them. The events are

hence further classified in 30 different signal regions according to the number of identified b-jets, the value
12 12
of m;ml_k’ mass, and the value of the E;"”. In each N),_;, bin, three bins are defined in m;nu I

order, it corresponds to having found a jet with mass: i) below that of the W boson, ii) similar to that of
the W boson, iii) loosely consistent with that of the top quark. Finally, in each bin a set of E7"* intervals

are defined. In the bin with N,_;, > 2, there is no ambiguity? in the definition of the two expected b-jets

% The transverse mass between two vectors in the transverse plane a and b forming an angle 6 between them is defined as

mp = +2ab (1 - cos 9).

S1f Nb—jet > 2 then the two b-jets with the highest p are used.



Table 1: Selection applied for the large Am analysis.

Preselection
Nlep = 0
Nieo 2 4

Ad (E%‘i“, jetl) > 0.4, Ad (E‘T“i“, jet2) > 0.4

Nb—jet =1
EMS 5 400 GeV
> 80 Gev, pi” > 80 GeV

PES > 40 Gev, pi* > 40 Gev

L 1.2
kT S 120 Gev

mit > 250 GeV

. 1,0.8
> 60 GeV,m3" ™ > 60 GeV

Signal region selection
Number of b-tagged jets Other selections

1.2
4 ‘ m3" " € [0,60), [60, 120), [120, o)
EISS ¢ [400, 600), [600, 900), [900, 1200), [ 1200, 1600), [1600, o)
1.2
. m3" ™ € [0,60), [60, 120), [120, co)
Ny jor > 1 EMSS e [400, 600), [600,900), [900, 1200), [ 1200, 1600), [1600, o)

2
m-)l-( > 400, ARbb > 1

anti—k?' 8
1

Ny

—jet

2
from the stop decay, thus the m)T( and AR, are well defined. Additional selections on these variables are
therefore applied. The full set of signal region selections is also presented in Table 1.

anti-ktI 2

The E{™ distributions for N,_j, > 2 and for the two tightest bins in m) , that is, for the two bins that

—jet

. ~ =0 —
are most sensitive for large Am(#;, X1) values, are shown in Figure 2.

For the evaluation of the discovery sensitivity, a set of single bin cut-and-count signal regions is defined,

;1.2
which apply the full preselection, and then require N;,_j; > 2, m™™™% " > 120 GeV. Four different thresholds

. 2 .
in ET"*° are then defined to achieve optimal sensitivity for a 5o~ discovery: E}>° > 400, 600, 800, 1000 GeV.
For each model considered, the signal region giving the lowest p-value against the background-only

hypothesis in presence of the signal is used.

To avoid depending too much on the limited size of the background samples generated for this study, the

o anti-k} % | .
background Er™ distribution is parametrised independently for each Nj,_,, m;ml ' bin and for each

process with a simple exponential function. The function parameters are determined by fitting it to the MC
predicted distribution in the range E7™ > 400 GeV.

5.2 Diagonal Selection

The selection for the region of the signal parameter space where Am(f;, X ?) ~ My, also follows closely
that developed in Ref. [17]. The basic idea of the diagonal analysis arise from the fact that, given the mass
relation between the stop and the neutralino, the stop decay products (the top quark and the neutralino)
are produced nearly at rest in the stop reference frame. When looked at from the lab reference frame, the
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Figure 2: The E7"** distributions for the two bins with the highest sensitivity to signals with large values of Am(7,, X1).
The last bin includes overflow events.

transverse momentum acquired by the decay products will be proportional to their mass. If pITSR is the

transverse momentum of everything that recoils against the stop pair, it can be shown that [47]

6]

Following this considerations, a recursive jigsaw [48] reconstruction is performed, which makes assumptions
that allow the definition of a set of variables in different reference frames. In this specific case, it first
defines the centre-of-mass of the primary proton-proton collision, or CM frame. In the CM frame, the
sparticles frame S and the ISR system (ISR) are back-to-back to each other. One can then define the Visible
(V) and Invisible (I) reference frames, composed respectively by the visible particles produced in the stop
pair decay and the invisible particles produced in the stop pair decay. New variables are defined to exploit
the relation suggested by Equation 1.

The following variables are used specifically for the diagonal analysis.

« p® The total momentum of the ISR system in the CM frame.

* Ryqgr This is defined as the ratio of the projection of total momentum of the invisible system in the
CM frame on the total momentum of the ISR frame in the CM frame, to the the total momentum of
the ISR frame in the CM frame. That is

SCM  ACM
R = Py - Pisr D)
ISR =~ —oMmL (2)
PISR

* N, bs_jet The number of b-jets assigned to the frame V.

* N jSet The number of jets assigned to the frame V.

. p%’s The transverse momentum of the 4th jet associated with the V frame.



* AP(ISR, p'T“iss) The distance in azimuthal angle between the ISR and I total momentum vectors in
the CM frame.

* mg The mass of the S frame.

. pf}’i The transverse momentum of the leading b-jet associated to the V frame.

The preselection applied for the diagonal analysis is summarised in Table 2.

Figure 3 shows the distribution of some of the key variables after the selection on pé’s. The main features
which were observed in Ref. [17] are still present: the mg variable peaks at roughly twice the top mass
for the signal, the position of the peak of the Rjqr variable increases with the ratio m ()? ?) /m (f}), there

miss

is a strong peak at 7 for the signal for A¢(ISR, py ). Already at this stage of the selection, the main
background process is #7.

Table 2: Selection applied for the diagonal analysis.

Preselection
N]ep =0
Niey 2 4
Ad (E;“i“, jetl) > 0.4, A (E;“iss, jetZ) > 0.4
Nb—jet > 1
EMSS 5 400 GeV
TS 80 GeV, pk > 80 Gev
PEC > 40 Gev, pi* > 40 Gev
Ng—‘et 2 1
Mg =S
Py, > 40 Gev
mg > 300 GeV
A¢(ISR, p™) > 3
PR > 400 GeV
pyS > 50 GeV

Signal region selection

Rysg selection ET"™ selection
0.5 < Rigg < 0.65 | EF™ e [500,700), [700, 1000), [1000, 1400), [1400, oo)
Rigr > 0.65 ET™ € [500, 700), [700, 1000), [ 1000, 1400), 1400, c0)

A possible strategy is suggested by figure 3(d): the E%‘iss distribution shifts progressively higher values of
m (7,). Hence a boost in sensitivity could be obtained by binning the signal regions in this variable. The
final strategy for the assessment of exclusion sensitivity for the diagonal analysis is thus to use a set of
mutually exclusive signal region defined in bins of Rigg and Ey’ S The final binning is shown in Table 2.
Lower values of R are not considered given that the current analysis focuses mostly on the prospects for
high m (7). For the evaluation of the discovery sensitivity, four cut-and-count signal regions are defined,
which apply the full preselection, and then require Rigg > 0.7 and EF™ > 500,700, 900, 1100 GeV. For
each model considered, the signal region giving the lowest p-value against the SM hypothesis in presence
of signal is used.
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Figure 3: Distributions of the main variables of the diagonal selection, after all cuts up to that on p‘%s have been
applied. The signal and backgrounds are normalised to 3 ab™!. The last bin includes overflow events.

Similarly to the large Am analysis, the background estimation used for the assessment of the analysis
sensitivity stems from a parameterisation of the actual background MC. The background is parametrised
in E7"* in each bin of Rigg and independently for each background process. The parametrisation is

established for EI"™ > 500 GeV, and it is done with a simple exponential function.

6 Systematic Uncertainties

Realistic and pessimistic uncertainty scenarios have been determined starting from the systematic
uncertainties studied in Ref. [17], and extrapolating them to 3 ab™! following a common approach agreed
upon by the ATLAS and CMS collaborations. Hence, the theory modelling uncertainties are expected
to be reduced by a factor 2, while different recommendations have been provided for detector-level and
experimental uncertainties.

With reference to Ref. [17]:



* For the large Am analysis, the total systematic uncertainty in the signal regions that targeted the same
parameter space region as this analysis was evaluated to be 14—24%. The dominant uncertainties
were due to jet energy scale (JES - 7%) and resolution (JER - 5-10%), ¢t and Wt parton shower
and generator uncertainties (5—12%). Owing to the reduced statistical uncertainty and a better
understanding of the physics models, it is expected that JES, JER and top modelling uncertainties
will all be reduced. It is assumed that they will all be halved by the end of the HL-LHC running.
This leads to an estimate of the uncertainty for the large Am analysis of about 15% or less, depending
on the phase space region. Given how relevant the Wt background process is, special care will be
needed to make sure that the treatment of interference terms between ¢7 and Wt and the corresponding
uncertainty will be under control by the end of the HL-LHC.

* For the diagonal analysis, the estimated uncertainties in Ref. [17] were about 20%, with the exception
of one region that was affected by large statistical uncertainty in the MC samples for #7. The dominant
uncertainty in all cases was connected with the modelling of ISR in ¢7 events. For the uncertainty
projection, it was decided to proceed as for the case of the large Am uncertainty to halve the 17
modelling uncertainties. The result is a predicted uncertainty of 17% for the tightest Rjgr bin.

In conclusion, a 15% uncertainty is retained as a baseline value of the expected uncertainty for both the
large Am and the diagonal analysis to determine both the S0 and the 95% CL exclusion reach of the
analysis. For the case of the estimation of the 95% CL exclusion sensitivity, a further scenario with doubled
uncertainty (30%) is also evaluated.

7 Results

anti—k,l‘2

The final Ef"™ distribution in the bins with ) > 120 GeV, N,,_je; = 2 (for the large Am analysis)
and Rigg > 0.65 (for the diagonal analysis) are shown in Figure 4.
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Figure 4: E7™ distribution for (a) the m;"m 575 120 Gev, Nj_jeg 2 2 bin of the large Am analysis and (b)

Rigr > 0.65 bin of the diagonal analysis. The last bin includes overflow events.

The final exclusion sensitivity evaluation is done by performing a profile-likelihood fit to a set of pseudo-
data providing bin-by-bin yields corresponding to the background expectations. For each of the two

10



analyses (large Am and diagonal), the likelihood is built as the product of poissonian terms, one for
each of the considered bins. Systematic uncertainties are accounted for by introducing one independent
nuisance parameter for each of the bins considered. The likelihood is modified introducing gaussian terms
representing the assumed uncertainty. 95% CL exclusion contours on the masses of the supersymmetric
particles are extracted using the CLs method [49]. For each mass of the stop and the neutralino, the analysis
yielding the smallest CLs among the large Am and the diagonal is used.

The discovery sensitivity is obtained similarly from each of the single cut-and-count regions independently.
For each signal point, the profile likelihood ratio fit is performed on pseudo-data corresponding to the sum
of the expected background and the signal. The discovery contour corresponds to points expected to give a
50 p-value against the background-only hypothesis. For each signal point, the discovery signal region
yielding the smallest p-value is considered.

The final sensitivity of the analysis is summarised in Figure 5 assuming a 15% uncertainty for the 5o
discovery and 95% CL exclusion contour, and also assuming 30% uncertainty for the 95% CL exclusion
contour.

Tt tt?l) %‘: - 0 lepton final state
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Figure 5: Final 95% CL exclusion reach and 5o~ discovery contour corresponding to 3 ab~lof proton-proton collisions
collected by ATLAS at the HL-LHC.

8 Conclusions

The ATLAS sensitivity to stop pair production with 3 ab™! of proton-proton collisions and running
conditions corresponding to those of the HL-LHC is estimated with an analysis that follows closely that

- 0 =0 . .
published in Ref. [17]. The process of interest is #; — 1) X1. Event containing no leptons are retained, and

11



. . . - =0
two separate selections are developed targeting regions of the parameter space where Am(f}, X1) > my,

. o0 - =0
or Am(f,, X1) ~ my,,. 95% CL exclusion and 5o~ discovery contours are derived in the (m (7). m (X 1 ))

plane for uncertainty assumptions which are either realistic or pessimistic extrapolations of the current

uncertainties. Stops can be discovered (excluded) up to masses of 1.25 (1.7) TeV for m ()? ?) ~ 0 under

realistic uncertainty assumptions. The reach in stop mass degrades for larger neutralino masses. If
. =0
Am(t;, X1) ~ my,,, then the discovery (exclusion) reach is 650 (850) GeV.
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