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8
Signal selections and

background estimate

Three decay modes of the top squark are considered in this search. They depend on the

mass assumption of the stop and the other SUSY particles in the decay chain. The optimisation

strategy followed to design the final signal selections for the t̃→ b χ̃
±

decay mode are presented

in this chapter. In addition, an overview of the selections dedicated to the other two decay

modes is given. Finally, the strategy to estimate a data-driven background normalisation and

its validation is presented in the last two sections of this chapter.

The selections of this analysis have been optimised for three decay modes of the

top squark (see Section 7.1). For each of these decays, different mass assumptions

for the SUSY particles in the decay chain have been considered. All the selections

dedicated to the different signal models and decay channels have been optimised

exploiting a similar strategy. The optimisation of the selections was based only on

the Monte Carlo simulation and the experimental data were kept blinded. This means

that the region of the phase space that is most sensitive to the stop signal (data

events with mT > 120GeV and Emiss
T > 250GeV) was omitted from the comparisons

with the Monte Carlo until the analysis was considered finalised.

The figure of merit used for the optimisation is the CLS hypothesis test intro-

duced in Sec. 7.3.2. An approximate systematic uncertainty of 20% on the back-

ground estimate was considered in the optimisation. When faster processing was

required, an alternative figure of merit was used:

S =
Nsig√

Nsig +Nbkg + (sys ∗Nbkg)2
, (8.1)
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whereNsig andNbkg are the number of selected signal and total background events

and sys represent an approximate estimate of flat (kinematical independent) sys-

tematic uncertainty of 20%.

The quantities used in the selection optimisation have been chosen according

to their shape separation power between the signal models and the top pair back-

ground. Additional considerations, such as correlations among variables and statis-

tical uncertainties on the Monte Carlo samples were considered. The variables were

used to define sets of cuts (order 105), the best of which were chosen to maximise

the sensitivity S defined in Eq. (8.1) across the maximum number of signal mod-

els. The procedure was iterated multiple times and the final best selections were

compared using the CLs figure of merit.

Signal models characterised by a final-topology kinematics very similar to the

background were addressed by shape fits. In this case the bin with the lowest statis-

tics of the shape fit was optimised with the same strategy of a cut-and-count selec-

tion and then a binning in the two most powerful variables was designed according

to the criteria described in the next section.

In all selections, except the one addressing the t̃ → b χ̃
±

compressed scenario,

bC_diag, the requirements listed in Section 7.4 are applied, that suppress part of the

background while retaining almost 100% signal efficiency.

8.1 t̃→ b χ̃±selection optimisation

The optimisation of the selections dedicated to the t̃ → b χ̃
±

decay mode is pre-

sented in this section as an example for the optimisation that has been performed

for all selections targeting the many signal models of this analysis. The t̃ → b χ̃
±

decay is characterised by a three dimensional phase space, determined by the three

unknown masses of SUSY particle in the decay chain (t̃, χ̃
±
, χ̃

0
). We obviously assume

that m(χ̃0) < m(χ̃±) < (m(t̃) −m(b)). In order to reduce the plethora of models

that arise from the combination of all possible masses of these three particles, one

of the most common phenomenological constraint is imposed: the gaugino univer-

sality (See Chapter 1 for the details). This constraint implies:

m(χ̃±) = 2m(χ̃0) (8.2)

and it is used for the models used in the signal selection optimisation.

Obviously this assumption, despite its theoretical motivation, is somehow arbi-

trary. However, it has the practical advantage that this particular relation between
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Region Scenario Technique Table

bC_diag I mt̃ ≳mχ̃± cut-and-count 8.4

bC_bulk II and IV mt̃ ≲ 300GeV shape fit (amT2 and mT) 8.5

bC_med III and IV mt̃ < 600GeV shape fit (amT2 and mT) 8.5

bC_high1 III mt̃ ≳ 500GeV cut-and-count 8.3

bC_high2 III mt̃ ≳ 500GeV cut-and-count 8.3

Table 8.1: Summary of the signal regions targeting t̃→ b χ̃
±

decay mode. The scenario that is

addressed by each region, the table where the selections are listed and the technique used

to extract the results are listed in the last three columns.
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Figure 8.1: Schematic representation of the grouping scheme of different top squark models

according to the top squark and the neutralino mass assumptions for the t̃ → b χ̃
±

decay

mode. A selection was designed for each of these regions. mχ̃± = 2mχ̃0 is assumed.
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the neutralino and the chargino mass includes models with very different final state

kinematics and allows to design selections that are powerful also in selecting signal

models with very different chargino and neutralino masses.

This set of models can be divided into four scenarios characterised by differ-

ent phenomenology and are addressed with five signal selections summarised in

Figure 8.1 and Table 8.1:

I. m(χ̃±1) ∼ m(t̃): in this scenario the two bottom quarks tend to have too

low momenta to be reconstructed or identified. The signal selection strategy

is therefore to veto events with b-tagged jets. The event selection (labelled

bC_diag) for this diagonal (or compressed) scenario is described in Section 8.1.3.

II. m(χ̃0
1) < m(χ̃±1) < m(t̃): in this group of signal models the bottom quarks

tend to have medium momenta, while the W bosons and two χ̃
0
1 have medium

to large momenta. The signal selection strategy is to find events with ≥ 1b-

tagged jets. Details for this event selection optimisation (labelled bC_bulk)

are given in Section 8.1.4.

III. m(χ̃0
1) < m(χ̃±1) << m(t̃), high m(t̃): in this scenario the bottom quarks tend

to have very large momenta, the W bosons and two χ̃
0
1 have medium to large

momenta. The signal selection strategy is to require events with ≥ 2b-tagged

jets with large pT thresholds. Details for this selection optimisation (labelled

bC_high1 and bC_high2) are given in Section 8.1.2 and bC_med is described

in Section 8.1.4.

IV. m(χ̃±1) −m(χ̃0
1) <m(W ): an off-shell W boson is produced in this decay but

the mass splitting is enough to boost the charged lepton to pass the 25GeV

threshold. This selection was addressed using a shape fit strategy and requir-

ing at least one or two b-jets. Details for this selection optimisation (bC_bulk

and bC_med) are given in Section 8.1.4.

8.1.1 Variable ranking in terms of separation power for scenarios

II, III and IV

The most powerful quantities that discriminate t̃ → b χ̃
±

signal from the back-

ground (see Section 7.4 for details) are:

● transverse momenta,Emiss
T , sum of the total transverse energy in the event (HT,

meff) and the transverse mass (mT) that reject semileptonic tt̄ and W + jets.

144



Signal selections and background estimate t̃→ b χ̃
±
selection optimisation

Variable ⟨S⟩ for signal model m(t̃)-m(χ̃
±
)-m(χ̃

0
) [GeV]

medium mass virtual W high mass

275-150-75 300-100-50 400-100-50 500-300-150 600-200-100

1st b-jet pT 0.04 0.14 0.31 0.21 0.47

2nd b-jet pT 0.03 0.11 0.25 0.18 0.37

1st jet pT 0.01 0.08 0.26 0.15 0.47

2nd jet pT 0.01 0.07 0.24 0.19 0.45

3rd jet pT 0 0.02 0.10 0.12 0.26

4th jet pT 0 0.01 0.04 0.07 0.14

mT 0.05 0.05 0.06 0.23 0.11

Emiss
T 0.03 0.08 0.24 0.26 0.47

Emiss
T /
√
HT 0.01 0.02 0.06 0.11 0.15

HT 0.01 0.08 0.29 0.22 0.55

meff 0.01 0.08 0.30 0.30 0.56

amT2 0.07 0.22 0.39 0.31 0.50

mτ
T2 0.03 0.06 0.04 0.15 0.07

topness 0.09 0.20 0.34 0.32 0.42

Table 8.2: Shape separation power of the most discriminating variables for representative

benchmark point of the various groups of signal models considered in the optimisation.

● asymmetric stransverse mass and topness to reject dileptonic tt̄ decays.

● isolated tracks and τ leptons veto to reject tt̄ tau decays.

The ranking was based on the separation power of each of these quantities. The

separation power for an observable y is defined as:

⟨S⟩ = 1

2
∫
(fs(y) − fB(y))2

fs(y) + fB(y)
dy, (8.3)

where fB(y) and fS(y) are respectively the background and signal probability dis-

tribution functions of y. Since top pair production is the dominant background,

fB(y) was evaluated only on tt̄. ⟨S⟩ = 0 means that the two distributions completely

overlap, while ⟨S⟩ = 1 is obtained for distributions that are completely separated.

A summary of the most discriminant variables and their separation power value

for the benchmark models used in the optimisation are given in Table 8.2. This rank-
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ing has been used as an indication to identify the powerful variables to be tested.

In this preliminary procedure the relative normalisation between signal and back-

ground and correlations between variables are neglected. In Table 8.2, it can be

noticed that the medium mass signal models are not characterised by energetic jets

or b-jets. The most effective selection was found to be the one based on the re-

quirement of at least one b-tagged jet in the final state and minimal jet momentum

requirement to reduce subdominant background such as W -jets and Pile-Up. On

the other hand, the b-jets momenta represent a powerful quantity to discriminate

for high mass top squark signal models. HT and meff are correlated at 80%, so that

despite they both show high shape discrimination power for high top squark masses,

effectively only one at a time was tested in the selection. The same considerations

apply for mτ
T2, since it is correlated to mT at 65%. Finally topness is correlated by

55% to amT2, which justifies why it proved to be a useful variable only in certain

selections. It is also important to notice thatmT and amT2 are in all presented cases

among the highest variables in ranking. In addition they are not correlated among

each others and only mildly correlated with all the other powerful variables used in

the selections. These motivation will bring us to design a bidimensional shape fit in

Section 8.1.4 based on these two observables.

8.1.2 Cut-and-count selections for high top squark masses: bC_high1

and bC_high2

In order to address the models with high stop masses, we designed two cut-

and-count selections (bC_high1 and bC_high2), that are summarised in Table 8.3.

These selections require at least two b-tagged jets selected with the loose (highly

efficient) working point. ∣∆ϕ(jet1,2,E
miss
T )∣ > 0.8 was fixed a priori in the optimi-

sation procedure because it guarantees a negligible impact from events with fake

Emiss
T in the selection. For the same reason the Emiss

T /
√
HT requirement was bound

to be greater than 5 in the optimisation. Figures 8.2 and 8.3 show the comparison

between the data and the SM background. The latter is modelled by Monte Carlo

simulation and normalised from the likelihood fit as described in Section 8.3. All re-

quirements are applied, except the one on the shown distribution. The requirement

on the distribution that is shown is indicated instead with an arrow. Two signal

models are superimposed in the plot in order to highlight the discrimination power

of the requirement. bC_high2 is characterised by tighter selection with respect to

bC_high1, in the attempt to push the sensitivity of our selections to very high top
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squark masses.

8.1.3 Cut-and-count selection for compressed scenario: bC_diag

In this scenario the bottom quarks produced in the decay of the top squark have

too low momenta to be reconstructed or identified. For this reason bC_diag was

designed to require at least three jets in the final state (instead of the four jets re-

quired in all the other selections targeting the same decay channel) and vetoes the

presence of b-tagged jets. Differently from all the other selections presented in this

analysis, the dominant background of this selection is dominated by W + jets pro-

cesses, and tt̄ represents the second dominant contribution. All the requirements

of bC_diag are listed in Table 8.4. The requirements on the Emiss
T /
√
HT and the

∣∆ϕ(jeti, p⃗
miss
T )∣ (i = 1,2) reduce the contamination from multi-jet background to

a negligible amount. In addition to the b-jets veto, the requirements on the lep-

ton pseudorapidity and its angular distance from the leading jet were found to be

powerful in rejecting the background.
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Figure 8.2: Distributions of the two most discriminating variables used for the bC_high1 se-

lection. All requirements except the one on the distribution showed are applied, that is

indicated by the arrow instead. The background estimate is normalised to the fit results

and both statistical and systematic uncertainties are included in the shaded band.
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Figure 8.3: Distributions of the two most discriminating variables used for the bC_high2 se-

lection. All requirements except the one on the distribution showed are applied, that is

indicated by the arrow instead. The background estimate is normalised to the fit results

and both statistic and systematic uncertainties are included in the shaded band.
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Requirement bC_high1 bC_high2

Number of loose b-jets ≥ 2 2

Emiss
T /
√
HT [GeV1/2] > 9 8

∣∆ϕ(jet1,2,E
miss
T )∣ > 0.8 0.8

pT (b-jets) [GeV] > 75-75 170-80

pT (jets) [GeV] > 80-60-40-25 80-80-40-25

Emiss
T [GeV] > 150 160

mT [GeV] > 120 120

meff [GeV] > 600 -

amT2 [GeV] > 200 250

N iso
trk = 0 Yes Yes

Tight tau veto Yes Yes

Table 8.3: cut-and-count signal regions targeting the high mass region of the t̃ → b χ̃
±

grid:

bC_high1 and bC_high2.

Requirement bC_diag

N signal
jets ≥ 3

jet pTs [GeV] > 80, 40, 30

Number of tight b-jets (pT > 25 GeV) = 0

Emiss
T /
√
HT [GeV1/2] > 5

Emiss
T [GeV] > 140

mT [GeV] > 120

∣η(ℓ)∣ < 1.2

∆R(j1, ℓ) ∈ [0.8:2.4]

∣∆ϕ(jeti, p⃗
miss
T )∣ > 2.0 (i=1), 0.8 (i=2)

Table 8.4: cut-and-count signal region targeting the compressed region of the t̃ → b χ̃
±

grid

(bC_diag).
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8.1.4 Shape fits for intermediate top squark masses and off-shell

W ±: bC_bulk and bC_med

The selection of signal models with intermediate top squark masses and or with

the W ± emitted off-shell represent a somewhat more difficult situation than the se-

lection of very high stop mass models. cut-and-count selection strategies have been

studied and presented in previous results of this analysis in ATLAS [145]. Such ap-

proaches tend to converge into signal selections that achieve a reasonable sensitivity

only to a restricted number of models. This implies that a large number of different

selections are needed to extend the analysis coverage to all models we aim to op-

timise for and the analysis will not be powerful for additional re-interpretations of

the results in terms of different signal models.

For this reason it was decided to exploit a shape fit in the variable that provides

the highest shape separation power between signal and background: namely the

asymmetric stransverse mass amT2. A binned fit in the amT2 has not only the ad-

vantage of increasing the separation with the background, but allows to be simulta-

neously more efficient in selecting a large number of signal models, that depending

on the top squark mass assumption tend to peak at different values of this distri-

bution, as can be observed in Figure 8.4(a). In the same figure, the red dashed lines

indicate the boundaries used in the fit. The first bin edge is in correspondence of

the top mass (175GeV) and was chosen such that the first bin is highly enriched in

background and can be used to control its normalisation. The other two boundaries

are the result of a compromise between an high sensitivity to the largest number

of stop models and a low impact of the Monte Carlo statistical uncertainties in the

bins.

The distribution of the transverse mass of the Emiss
T and the lepton is shown

in Figure 8.4(b) for tt̄ background and few signal models. It is possible to notice

that there is a smaller shape separation power of this observable for signal models

in which the W is emitted off-shell and there is a considerable amount of signal

in the region 60 < mT < 90GeV. The combination of this variable with the amT2

in a bidimensional shape fit allowed to powerfully discriminate between signal and

background and efficiently recover signal events that would be suppressed by a

requirement on the transverse mass. The addition of the events with 30 < mT <
60GeV was tested and did not provide a significant improvement of the sensitivity

and was therefore not included in the shape fit.

It was decided to implement a loose and a tight version of the shape fit, so that
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152



Signal selections and background estimate t̃→ b χ̃
±
selection optimisation

 [GeV]T2 aM

0 50 100 150 200 250 300 350 400 450 500

m
T

 [G
eV

]

60

80

100

120

140

160

180

200 -1
 E

ve
nt

 C
ou

nt
 fo

r 
20

 fb

10

20

30

40

50

60

70

80

(a) background

 [GeV]T2 aM

0 50 100 150 200 250 300 350 400 450 500

m
T

 [G
eV

]

60

80

100

120

140

160

180

200 -1
 E

ve
nt

 C
ou

nt
 fo

r 
20

 fb

1

2

3

4

5

6

7

8

(b) m(t̃) = 350 GeV,m(χ̃±) = 100 GeV,m(χ̃0) = 50 GeV
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(c) m(t̃) = 500 GeV,m(χ̃±) = 300 GeV,m(χ̃0) = 150 GeV

Figure 8.5: Visual representation of the shape and normalisation difference between the back-

ground and two signal models in the shape fit 2D plane. The yields are normalised to

20 fb−1.
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the two signal selections exploit the same fitting strategy (variables and binning)

meanwhile they are characterised by very different final yields. bC_bulk, that is the

loosest of the two, aims to select top squark signal models with intermediate or low

masses. The requirements applied to the events used in the shape fit are only the

minimal requirement to suppress backgrounds other than tt̄ and are summarised

in Table 8.5. At least one tight b-tagged jet is required in this selection in order to

maximise the signal efficiency. The τ and isolated tracks veto was found to improve

the signal over background ratio and was added to the requirements.

The selections for the tight shape fit, bC_med, are also listed in Table 8.5. In this

case the purpose of the selections was to reduce the tt̄ background in addition to

the other backgrounds exploiting the variables that provide discrimination power

for intermediate and high stop masses. The selections were optimised using the

same strategy as for the cut-and-count selections in the tightest bin of the shape

fit (amT2 > 250GeV,mT > 120GeV). Variables correlated with amT2 and mT were

not included, with the exception of topness. Despite topness being correlated at

55% with amT2, it was proven to be very useful to decrease the background events

in the most powerful bins of the shape fit while retaining a reasonable efficiency

for top pair production in the background enriched bins used to constrain the tt̄

normalisation.

The choice of the same binning in both the loose and the tight versions of the

shape fit is not fully optimal, since lower bin boundaries might have been beneficial

for the loose selection that aims to be sensitive to intermediate and low top squark

masses. On the other hand, separate fit boundaries would have increased even more

the complexity without introducing a real improvement due to the risk of fine tuning.

The shape power of the tight version of the fit (bC_med) is visualised as an

example in Figure 8.5, where the background and two signal model distributions

in the (amT2,mT) plane are represented. Certain signal models such as m(t̃) =
500 GeV,m(χ̃±) = 300 GeV,m(χ̃0) = 150 GeV dominate in the high-mTand high-

amT2bins of the bidimensional plane and are obviously different in shape from the

background. However, the real strength of this bidimensional fit stands out inves-

tigating the distribution in the (mT, amT2) plane of signal models characterised by

an off-shell W ± such as m(t̃) = 350 GeV,m(χ̃±) = 100 GeV,m(χ̃0) = 50 GeV. For

these models, the binning in mT allows for a great recovery in signal selection effi-

ciency, compared to an hypothetical requirement of mT > 120GeV as implemented

in the single bin selections. The combination between mT and amT2 provides a dis-

criminating shape difference with respect to the background and it is the reason
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for which, it was possible for the first time in ATLAS to extend the sensitivity of this

analysis to this category of top squark signal models.

Requirement bC_bulk bC_med

Number of loose b-jets ≥ - 2

Number of tight b-jets ≥ 1 -

Emiss
T /
√
HT [GeV1/2] > 7 6

∆ϕ(jet1,2,E
miss
T ) > 0.8 0.8

pT (leading b-jet) [GeV] > 25 140

pT (second b-jet) [GeV] > - 75

pT (leading jet) [GeV] > 80 140

pT (2nd leading jet) [GeV] > 60 75

pT (3rd jet) [GeV] > 40 40

pT (4th jet) [GeV] > 25 25

Emiss
T [GeV] > 150 170

topness > - 7.5

N iso
trk = 0 Yes Yes

Tight tau veto Yes Yes

Binned variables

mT [GeV] ∈ [60-90], [90-120], [120-∞]

amT2 [GeV] ∈ [80-175], [175-250], [250-∞]

Table 8.5: Shape fit selections targeting the intermediate masses and the virtual W regions of

the t̃→ b χ̃
±

grid.

155



Selections for other top squark decays Signal selections and background estimate

8.2 Selections for other top squark decays

The other two stop decay modes considered in this analysis (t̃ → t χ̃
0

and t̃ →
b W ± χ̃0

) are addressed with three cut-and-count selections and two shape fits, as

summarised in Figure 8.6 and Table 8.6.

One of the cut-and-count selections exploits dedicated techniques to identify highly

energetic tops in the final state whose decay products are not fully resolvable with

the standard jet identification algorithms. This specific region, tN_boost, is de-

scribed in Ref. [9] and will not be detailed in this thesis. The results will however be

presented together with all selections in Chapter 9.

8.2.1 t̃→ t χ̃0 selections: tN_diag, tN_med and tN_high

Two cut-and-count regions (tN_med and tN_high) are used to select t̃→ t χ̃
0

sig-

nal models wheremt̃ >>mt. An overview of all selections applied in these two signal

regions is shown in the first two columns of Table 8.7 and the most discriminating

distribution for each region is shown in Figure 8.7. A shape fit strategy was imple-

mented for mχ̃0 ∼ mt̃ −mt (tN_diag). In this case the two discriminating variables

used in the fit are the transverse mass and the missing transverse momentum. The

summary of the selections applied to the events used in the fit is given in the second

column of Table 8.8.

8.2.2 Selection for asymmetric decays of the top squark: SR_mix

One signal selection has been optimised for signal models where two decay

modes are allowed at the same time:

t̃→ t χ̃
0

t̃→ b χ̃
± → b W ± χ̃0

.

For the optimisation of the selections the two decays were both assumed to have

50% branching ratio. The requirements for this signal selection are summarised in

the last column of Table 8.7. One of the most discriminating variable,Emiss
T is shown

in Figure 8.8.
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Figure 8.6: Schematic representation of the grouping scheme of different top squark models

according to the top squark and the neutralino mass assumption. A selection was designed

for each of these regions

Region Scenario Technique Table

tN_diag t̃→ t χ̃
0
mt̃ ≳mt +mχ̃0

1
shape fit (Emiss

T vs mT) 8.8

tN_med t̃→ t χ̃
0
mt̃ ∼ 550GeV, mχ̃0

1
≲ 225GeV cut-and-count 8.7

tN_high t̃→ t χ̃
0
mt̃ ≳ 600GeV cut-and-count 8.7

tN_boost t̃→ t χ̃
0
mt̃ ≳ 600GeV cut-and-count Ref. [9]

SR_3body t̃→ b W ± χ̃0
mt̃ ≲ 300GeV shape fit (amT2 vs mT) 8.8

SR_mix BR(t̃→ t χ̃
0
, t̃→ b χ̃

±
) = (50%,50%) cut-and-count 8.7

Table 8.6: Summary of the signal regions targeting t̃→ t χ̃
0

and t̃→ b W ± χ̃0
and asymmetric

decay modes. The scenario that is addressed by each region, the table where the selections

are listed and the technique used to extract the results are listed in the last three columns.
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count selections. All requirements except the one on the distribution showed are applied,

that is indicated by the arrow instead. The background estimate is normalised to the fit

results and both statistic and systematic uncertainties are included in the shaded band.
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Requirement tN_med tN_high SR_mix

jet pTs [GeV] > 80-60-40-25 100-80-40-25 80-70-50-25

Number of tight b-jets ⩾ 1 1 1

1st b-jet pT [GeV] > 25 25 60

Emiss
T /
√
HT [GeV1/2] > - - 9

��Hsig
T > 12.5 12.5 -

Emiss
T [GeV] > 200 320 270

mT [GeV] > 140 200 130

amT2 [GeV] > 170 170 190

mτ
T2 [GeV] > - 120 -

mhad−top ∈ [130,195] [130,250] -

topness > - - 2

τ -veto no no tight

mjjj < - - 360

∆R(j1, ℓ) < - - 2.75

∆R(b − jet, ℓ) < - 3 3

∣∆ϕ(jeti, p⃗
miss
T )∣ > 0.8 (i=1,2) - 0.6 (i=1,2)

∣∆ϕ(ℓ, p⃗miss
T )∣ > - - 0.6

Table 8.7: Requirement for the cut-and-count signal selections tN_med, tN_high and SR_mix.

The first two selections target high mass stops decaying into t̃ → t χ̃
0

mode and the last

one selects events where the stop can decay either into t̃ → t χ̃
0

and t̃ → b χ̃
±

with 50%

branching ratio.

8.2.3 Selection for t̃→ b W ± χ̃0: SR_3body

The last selection exploiting a shape fit is the one designed for t̃ → b W ± χ̃0

decays (SR_3body). Similarly to the t̃ → b χ̃
±

signature, it exploits a bidimensional

fit in the (mT, amT2) plane. In this case however, the binning was chosen differently

since the three body decay topology is such that amT2 peaks around mW + mb,

therefore the lowest amT2 bin is the one with the highest signal yield. The selections

and the shape fit bins are given in the first column of Table 8.8.
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Requirement SR_3body tN_diag

N signal
jets ⩾ 4 4

Nbjets tight ⩾ 1 1

Emiss
T /
√
HT [GeV1/2] > 5 5

∆ϕ(jet1,2,E
miss
T ) > 0.2 0.8

pT (1st b-jet) [GeV] > 25 25

jet pTs (1st jet) [GeV] > 80-25-25-25 60-60-40-40

Emiss
T [GeV] > 150 fitted

N iso
trk = 0 no no

τ -veto tight loose

Binned variables

mT [GeV] ∈ [60,90,120,∞] [60,90,120,140,∞]

amT2 [GeV] ∈ [80,90,100,120,∞] -

Emiss
T [GeV] ∈ - [100,125,150,∞]

Table 8.8: Shape fit selections targeting the compressed scenario of t̃→ t χ̃
0

(tN_diag) and the

stop 3-body decay t̃→ b W ± χ̃0
(SR_3body).
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8.3 Data driven estimate of the background normalisa-

tion

The Monte Carlo simulation is used for the optimisation of the signal selection

and for the estimate of the contamination of all SM background processes. How-

ever, the analysis strategy is designed such that the normalisation of the dominant

processes is directly derived from data. For this purpose we use selections that are

highly enriched in one of the two major backgrounds of the analysis: top pair pro-

duction andW +jets. There are two background enriched selections (or background

control regions) for each cut-and-count signal selection overviewed in the previous

sections, which provide a robust strategy against mismodelling of the simulation. In

the case of the shape fits, the tt̄ enriched region is already embedded in the binning

strategy described in Section 8.1, where a few bins are background dominated and

only an additional W + jets background enriched region is defined.

The normalisation of the two dominant backgrounds is derived from the back-

ground enriched regions and extrapolated to the signal region by means of an ex-

trapolation factor (ε):

N bkg
SR = ε1 NCR1(data) + ε2 NCR2(data) (8.4)

εi =
N bkg1

SR (MC)
NCRi(MC)

(8.5)

Where SR refers to one of the final signal selections, CR1 (or TCR) refers to the top

control region and and CR2 (or WCR) to the W + jets enriched region. MC refers

to the estimate of the event counts as predicted by the Monte Carlo simulation and

data refers to the event counts measured in the experimental dataset. Equation (8.5)

is a simplification of the full likelihood fit described in Sec. 7.3.2 and neglects con-

taminations of the two main backgrounds in the two control regions. This cross

contamination varies between 5% and 30% and is accounted for in the final analysis

fit. Equation (8.5) implies that the uncertainty on the background normalisation will

directly depend on the uncertainty on the extrapolation factor from the background

control region to the signal region. If the control region is carefully designed, the

impact of some kinds of uncertainties on this extrapolation factor can be greatly

reduced. This is achieved if the selections of the background control region are

sufficiently close to the signal selections and the requirement that guarantees the

orthogonality between the two does not have a direct dependence on the uncertainty
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that we aim to absorb in the extrapolation factor. The control regions allow to ab-

sorb a number of systematics that arise from the detector response simulation and

also some arising from the event simulation modelling. However, it is important al-

ways to guarantee a good statistical constraining power of the control region, such

that the estimate of the normalisation is not dominated by statistical uncertainties.

This means that the criteria that define the background control regions are a com-

promise between statistics and reduced impact of the systematics. Particular care

is taken to guarantee a negligible contamination (< 5%) of all signal models in these

background enriched selections. In summary a good background control region:

(a) contains different events with respect to the signal region;

(b) has good statistical power to estimate the yield of a certain SM background pro-

cess in the signal selection;

(c) has a low contamination of other SM processes and of signal;

(d) has good absorption power of systematic uncertainties achieved by selections

that are as close as possible to the ones of the corresponding signal region.

8.3.1 tt̄ enriched selections for the cut-and-count regions

A sample enriched in top pair production events was selected for each of the six

cut-and-count selections. Although only the normalisation of the tt̄ background is

obtained in these regions, amT2 and Emiss
T distributions are shown in Figure 8.9 for

bC_high1 and SR_mix in order to visually verify the Monte Carlo modelling of these

events. Each of these regions require the same b-jets multiplicity as the signal selec-

tion they correspond to. Orthogonality and low signal contamination is guaranteed

requiring the transverse mass compatible with the W mass:

60 GeV <mT < 90 GeV (8.6)

In the tight selections a few requirements are relaxed in order to maximise the statis-

tical constraining power of the control region. For bC_high1, bC_high2 and tN_med

it was chosen to reduce the requirement on the amT2 to 120GeV. This is justified by

the fact that amT2 is well modelled by the Monte Carlo simulation. Furthermore all

other requirements that could be relaxed such as jets and b-jets transverse momen-

tum and meff depend on the Jet Energy Scale (JES) and Jet Energy Resolution (JER).
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Figure 8.9: Distributions of Emiss
T and amT2 in the for the tt̄ enriched selections of bC_high1

and SR_mix. The tt̄ and W + jets processes are scaled by the factors resulting from the fit

for each region.
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These are the dominant systematic uncertainties in this analysis where a high num-

ber of jets is selected in the final state. Maintaining the same requirements on these

variables in the background enriched regions was proven to increase the systematic

absorption power of the extrapolation factor and reduce the impact of JES and JER in

the final result. tN_high was designed to be a very tight selection. For this reason,

to guarantee a reasonable tt̄ statistics in this background control region, the amT2

requirement was completely removed and the following cuts were relaxed: theEmiss
T

from 320GeV to 225GeV, the��Hsig
T was loosened by 30% and finally the mτ

T2 require-

ment was removed. The tt̄ control region for asymmetric decays dedicated selec-

tion, SR_mix, is characterised by a relaxed amT2 requirement (reduced to 120GeV).

In addition, the Emiss
T requirement was reduced from 270GeV to 170GeV and the

Emiss
T /
√
HT was required to be at least 5GeV1/2 instead of 9GeV1/2. The relative

contributions to the top enriched region of all SM processed and the yield obtained

by fitting the control region to the observed data are summarised in Table 8.9. The

scale factor of the tt̄ process obtained by the fit is also shown.

8.3.2 W + jets enriched selections for the cut-and-count regions

The W + jets background yield is derived by selections that are enriched in this

SM process. One W + jets enriched region was defined for each signal selection.

The orthogonality with respect to the signal selection is obtained, as in the case

of the tt̄ background, requiring the transverse mass loosely compatible with the W

Process bC_diag bC_high1 bC_high2 tN_med tN_high SR_mix

ttbar 74% 75% 71% 69% 76% 74%

W + jets 16% 13% 15% 20% 15% 15%

other bkgs 10% 12% 14% 10% 9% 10%

top squark < 1% < 2% < 2% < 2% < 1% < 2%

observed data 1650 218 129 159 359 177

tt̄ scale factor 0.98 0.99 0.83 1.15 1.08 1.11

Table 8.9: Relative contribution of the different background processes to the tt̄ control regions.

Yields are normalised to 20 fb−1 and uncertainties include both systematics and statistics

and are estimated by likelihood fit.
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Figure 8.10: Distributions of Emiss
T and amT2for the W + jets enriched selections of bC_diag

and the shape fit bC_med, for which one of the fitted distribution is shown. The tt̄ and

W + jets processes are scaled by the factors resulting from the fit for each region.
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mass:

60GeV <mT < 90GeV (8.7)

In order to have a larger content of W + jets with respect to tt̄ a b-jet veto is also

imposed. The b-tagging working point of the veto is kept consistent with respect to

the signal selection the W + jets control region is dedicated to.

Three selections (bC_high1, bC_high2 and bC_med) are characterised by lead-

ing and second leading b-jet pT requirement higher than the one imposed to the

untagged jets in the event. Despite all jets being untagged in theW + jets control re-

gions, these requirements on the leading jet transverse momenta are maintained in

order to provide a better systematic absorption of the JES systematic for theW + jets

process.

A few tight selections (tN_med, tN_high and SR_mix) pursue the strategy of max-

imising the statistical constraining power of their corresponding W + jets control

region and relax the same requirement listed in the previous section for the tt̄ en-

riched region. This strategy was not implemented for bC_diag, bC_high1, bC_high2

and the shape fits, where it was attempted to achieve a higher systematic absorption

potential and a lower tt̄ contamination relaxing no requirement with respect to the

corresponding signal region.

In the case of the loose shape fits selections, tN_diag and bC_bulk, three addi-

tional bins are added to the fit plane and three different W + jets normalisation pa-

rameters were estimated by the fit, one for each amT2 or Emiss
T slice. In the bC_med

shape fit only one additional bin was added for the W + jets normalisation estimate

and no requirement was applied on asymmetric stransverse mass amT2. Finally for

SR_3body the single normalisation parameter for the W + jets background was es-

timated in four bins in amT2, with the bin requiring amT2 > 120GeV providing the

largest constraining power.

A summary of the composition of theW + jets enriched regions for all selections

is given in Table 8.10. In the same tables the data yield observed in each control

region and the Monte Carlo normalisation scale factors resulting from the likelihood

fit are also shown. The signal contamination was always found to be much smaller

than 1% due to the combined effect of the b-jet veto and the mT window required in

this selections and it therefore not shown in the Table. The modelling of Emiss
T and

amT2 distributions of W + jets events in the control regions is shown in Figure 8.10.
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Process bC_diag bC_high1 bC_high2 tN_med tN_high SR_mix

W + jets 80% 86% 87% 80% 77% 78%

ttbar 14% 9% 7% 13% 16% 16%

other bkgs 6% 5% 6% 7% 7% 6%

observed data 2162 757 654 161 483 387

W+jets scale fac. 0.93 0.72 0.69 0.59 0.57 0.82

Table 8.10: Relative contribution of the different background processes to the W + jets con-

trol regions. See text for details on the selection requirements. Signal contamination is

always smaller than < 1%. Yields are normalised to 20 fb−1 and uncertainties include both

systematics and statistics and are estimated by likelihood fit.

8.3.3 Background normalisation in shape fit signal regions

The tt̄ control regions are already embedded in the shape fit strategy, since in

order to obtain shape discrimination a number of bins are enriched in background

and the rest are enriched in signal. As described in Section 7.3.2, Eq. 7.3 the tt̄ and

W + jets normalisations µtop
b and µW

b are nuisance parameters of the likelihood fit.

Hence, additional bins are included in the fit to constrain µW
b , exploiting the same

selection strategy of the cut-and-count W + jets control regions: a b-jet veto and mT

loosely compatible with the W ± mass.

Two slightly different approaches were used for the four shape fits. Since tN_diag

and bC_bulk are characterised by high expected yields in all bins, it was possible to

decorrelate the two background normalisations acrossEmiss
T and amT2, respectively.

Three sets of µtop
b and µW

b were used, one for each Emiss
T or amT2 slice as in Eq. (7.4).

This strategy allows to rely less on the Monte Carlo simulation of one of the variables

used in the shape fit. Three bins in each of the shape fits are characterised by high

tt̄ yield and low signal contamination (Table 8.11). In order to constrain µW
b in each

of the slices, three b-veto bins were included with the same mT requirement as the

tt̄ enriched bins (Table 8.12). The observed data and SM expected background yields

after the fit in all bins for tN_diag and bC_bulk shape fits are shown in Figure 8.11.

The approach used for tN_diag and bC_bulk increases the impact of statistical

uncertainties in the fit while reducing the impact of systematic uncertainties, since

the strategy relies less on the modelling of one of the fitting variables.

A different strategy was used for bC_med and SR_3body shape fits. These sig-
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tN_diag - 60GeV <mT < 90GeV

Process Emiss
T ∈ [100,125]GeV Emiss

T ∈ [125,150]GeV Emiss
T > 150GeV

ttbar 88% 87% 82%

W + jets 6% 7% 11%

other bkgs 5% 6% 7%

top squark < 0.5% < 0.5% < 0.5%

tt̄ scale factor 1.02 1.01 1.01

bC_bulk - 60GeV <mT < 90GeV

Process amT2 < 175GeV amT2 ∈ [175,250]GeV amT2 > 250GeV

ttbar 83% 60% 48%

W + jets 10% 28% 36%

other bkgs 7% 12% 16%

top squark < 2% < 5% < 2%

tt̄ scale factor 1.00 0.78 0.75

Table 8.11: Relative contribution of the different background processes in the tt̄ enriched bins

of the shape fits. for tN_diag and bC_bulk. Three background enriched bins per shape fit

are considered. Yields are normalised to 20 fb−1 and uncertainties include both systematics

and statistics and are estimated by likelihood fit.
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tN_diag - b-veto and 60GeV <mT < 90GeV

Process Emiss
T ∈ [100,125]GeV Emiss

T ∈ [125,150]GeV Emiss
T > 150GeV

W + jets 61% 64% 70%

ttbar 33% 30% 24%

other bkgs 6% 6% 6%

W+jets scale fac. 0.78 0.75 0.72

bC_bulk - b-veto and 60GeV <mT < 90GeV

Process amT2 < 175GeV amT2 ∈ [175,250] GeV amT2 > 250GeV

W + jets 80% 87% 88%

ttbar 15% 8% 6%

other bkgs 5% 5% 6%

W+jets scale fac. 0.74 0.81 0.74

Table 8.12: Relative contribution of the different background processes in the bins of the

bC_bulk and tN_diag shape fits with b-veto requirement. Yields are normalised to 20 fb−1

and uncertainties include both systematics and statistics and are estimated by likelihood fit.

bC_med and SR3body - 60GeV <mT < 90GeV

Process bC_med amT2 < 175GeV SR_3body amT2 > 120GeV

ttbar 92% 74%

W + jets 2% 18%

other bkgs 6% 7%

top squark < 1% < 1%

tt̄ scale factor 1.02 1.06

bC_med and SR_3body - b-veto and 60GeV <mT < 90GeV

Process bC_med SR_3body amT2 > 120GeV

ttbar 7% 11%

W + jets 87% 83%

other bkgs 6% 6%

W + jets scale factor 0.77 1.11

Table 8.13: Relative contribution of the different background processes in the background

enriched bins of the shape fits bC_med and SR_3body. tt̄ enriched bins are shown at the top

andW+jets enriched bins at the bottom. Yields are normalised to 20 fb−1 and uncertainties

include both systematics and statistics and are estimated by likelihood fit.
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nal regions are characterised by lower event yield per bin with respect to the other

shape fits and therefore the statistical component of the uncertainty dominates

with respect to the systematic one. For this reason, these two shape fits have

been fitted with only one nuisance parameter per background normalisation as

shown in Eq. (7.3). In this setup each background normalisation is fully correlated

across all bins of the fit. The tt̄ background enriched bin is the one that requires

60GeV < mT < 90GeV and amT2 < 175GeV or amT2 > 120GeV for bC_med and

SR_3body shape fits, respectively (Table 8.11). To understand these requirements it

is important to remember that due to the different phenomenology of the stop three

body decay, the bin with the highest signal yield is the one with amT2 < 90GeV and

mT > 120GeV (see Fig. 7.8(a) in Ch. 7.4).

TheW +jets normalisation parameter is constrained simultaneously in four bins

with b-veto requirements for SR_3body. Due to the fact that one of the bins is char-

acterised by a much higher yield with respect to the others, this will not result in

over constrain. Conversely, in bC_med only one bin with no amT2 requirement is

defined, in order to avoid the risk of over constraining the W + jets normalisation

and to reduce the impact of statistical uncertainties with higher bin yield. The com-

position of the highest statistic W + jets enriched bins for bC_med and SR_3body

are shown in Table 8.13.

The background estimates after fit and data are compared for all bins in Fig-

ure 8.12. All background processes are considered in the comparison and yields are

normalised to 20 fb−1.
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Figure 8.11: Schematic

i l lustration of the

bC_bulk and tN_diag

shape fits binning.

The mT and amT2

(top) or Emiss
T (bottom)

variables are used

to define a matrix

of 3 × 3 bins (top) or

4 × 3 bins (bottom)

in the top part of the

scheme. Some of these

bins are enriched in

tt̄ and constrain three

sets of normalisation

parameters for this

background (one for

each Emiss
T or amT2

slice); the bins at

the bottom of the

scheme invert the

b-jet requirement into

a veto, and serve to

constrain the three

W + jets normali-

sations parameters.

Yields are normalised

to 20 fb−1 and both

statistic and system-

atic uncertainties are

included.
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Figure 8.12: Schematic

i l l u s t r a t i o n o f

t h e b C _ m e d a n d

SR_3body shape fits

binning. The mT and

amT2 variables are

used to define a matrix

of 3 × 3 bins (top) or

4 × 4 bins (bottom)

in the top part of the

scheme. Some of these

bins are enriched in

tt̄ and constrain the

normalisation of this

background; the bins

at the bottom of the

scheme invert the

b-jet requirement into

a veto, and serve to

normalise theW + jets

background. One nui-

sance parameter per

background is used

in these selections.

Yields are normalised

to 20 fb−1 and both

statistic and system-

atic uncertainties are

included.
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8.4 Validation of the background estimate

As introduced in Section 7.3.2, the normalisation of the two major background

processes of this analysis are estimated by a likelihood fit to the data (Eq. 7.3) and

constrained in two regions enriched in each of the two backgrounds. These esti-

mates are based on a number of assumptions, such as the possibility of relying on

the Monte Carlo modelling of the quantities we extrapolate on (mT and b-jets multi-

plicity). In the next sections we will first validate the mT extrapolation assumption

for both the top and the W + jets backgrounds testing the compatibility of the back-

ground normalisation in the control and in the validation regions. The mT extrapo-

lation also implies that we derive the normalisation of dileptonically decaying tops

produced in association with two extra jets (required to fulfil our four jets require-

ment) from semileptonic tt̄ decays. The modelling of initial and final state radiation

for dileptonic tt̄ decays is therefore investigated in Section 8.4.2. TheW +jets events

in the dedicated background enriched region are mostly W events produced in as-

sociation with light flavour jets. Conversely in our signal selection this background

is represented by 60% of W s produced in association with heavy flavour jets. The

reliability of the flavour extrapolation is studied in Section 8.4.3.

8.4.1 Validation of the extrapolation factors

The extrapolation of the normalisation factor from events characterised by 60GeV <
mT < 90GeV to events characterised by high transverse mass (> 120/140GeV) is ver-

ified by means of additional validation selections that require:

90 GeV < mT< 120 GeV (8.8)

These selections are defined for both the tt̄ background (Top-VR), requiring the same

selections as for the top pair enriched regions (including the relaxed requirements)

and for the W + jets enriched regions (W-VR), requiring the same b-veto and re-

quirements of the selections of this background. For each of the signal selections,

the normalisation of these two major backgrounds have been estimated in the two

control regions. The background scale factors estimated by the fit have then been

applied to the number of Monte Carlo expected events in the validation regions and

compared to the observed events. For the top background estimate of some selec-

tions, an additional validation region was designed to validate normalisation in the

tail of themT distribution (mT > 120GeV). In this case, the stransverse mass require-
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(c) tt̄ validation region for bC_high1 (amT2 < 175 GeV)

Figure 8.13: Validation of the Monte Carlo modelling of tt̄ and W + jets backgrounds. The tt̄

and W + jets processes are scaled by the factors resulting from the fit for each region.
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bC_diag bC_high1 bC_high2 tN_med tN_high SR_mix

Top-VR (fit) 865 ± 117 51 ± 13 32.3 ± 6.5 26.7 ± 6.7 79 ± 18 3.3 ± 1.3
Top-VR (data) 925 42 28 16 59 3

Top1-VR (fit) - 27.3 ± 4.8 12.4 ± 2.5 - - -

Top1-VR (data) - 28 16 - - -

W-VR (fit) 722 ± 162 147 ± 36 135 ± 29 24 ± 8 84 ± 24 123 ± 32
W-VR (data) 693 166 157 25 74 117

Table 8.14: Comparison of the data driven prediction of the major SM backgrounds and the

observed experimental yields in dedicated selections.

ment was inverted in order to guarantee the orthogonality with the signal selections

and a low signal contamination:

amT2 < 175GeV (8.9)

These validation selections will be referred as Top1-VRs. The results of the com-

parisons show a good agreement between the observed number of events and the

prediction in each of the validation regions and are summarised in Table 8.14. The

Emiss
T and leading jet pT of one distribution for each type of validation region is

shown in Figure 8.13. The tt̄ and W + jets distributions in these regions have been

derived in the control region and it is possible to observe a good agreement of the

predicted yields with the data and the Monte Carlo modelling of the Emiss
T distribu-

tion.

8.4.2 Validation of the dileptonic tt̄ extra jets radiation

The validity of the background model, and especially tt̄ production in the dilep-

tonic channel, is tested in events with exactly two leptons. The following event

selection criteria are applied:

● exactly two signal leptons in the combinations ee, eµ and µµ

● the lepton pair is required to be of opposite charge

● mℓℓ > 101 GeV to suppress Z+jets contributions

● at least two jets with pT > 25 GeV and at least one loose b-jet.
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Figure 8.14: Compari-

son of the jet multi-

plicity of dileptonic

decaying tt̄ events

in data and in the

Monte Carlo simu-

lation. The shaded

bands include only

the systematic un-

certainties.

As mentioned before, one of the motivations for these selections is to verify the

Monte Carlo modelling of dileptonic tt̄ events with extra radiated jets. Therefore

one of the most interesting distribution is the jet multiplicity in Figure 8.14, where

a good modelling of the number of extra jets produced in association with the top

pair is proven.

8.4.3 Validation of the W + jets flavour composition

The b-veto used in theW ± control region selects events withW plus light flavour

jets associate production (∼ 60%) with a smaller fraction of W produced in associa-

tion with charm jets (∼ 30%). Conversely in our signal selection this background is

represented by 60-80% of W bosons produced in association with heavy flavour jets

and the remaining fraction of events are W bosons produced in association with

light flavour jets that are incorrectly tagged as b-jets (mistagged).

For this reason, a validation region was made for events with W plus heavy

flavour jets associate production, in order to verify the accuracy of the normalisa-

tion extrapolation from a light flavour dominated control region to a heavy flavour

dominated signal region.

A large number of variables have been investigated to define such a validation
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region. This is characterised by with reasonable statistics, a dominant contribution

ofW+b/c events and a reduced contamination of both signal and tt̄ and is discussed

in detail in Ref. [146]. In general, a high purity ofW+b/c events was always achieved

at the cost of low number of events. The optimal event selection found in this study

is characterised by a relative fraction of tt̄, W plus light flavour jets and W plus

heavy flavour jets of 34%, 20% and 35% respectively. It relies on an exclusive 3 jets

selection (that allows a reasonable tt̄ suppression), with transverse momenta of at

least 80, 60 and 40GeV, respectively and at least one loose b-tagged jet. The selection

exploits the invariant mass and ∆R between the two jets that are identified by the

b-tagging algorithm as the most probable to be b-jets (mbb < 80GeV, ∆Rbb < 2.5).

These variables are useful because of the correlation that exists between the two

extra jets produced in association with the W , a characteristic that is not present in

tt̄ events. The additional requirements were chosen to enhance the similarity of the

kinematic of the selected events with respect to the final selections of this analysis

without compromising the statistical power or the background composition of this

validation region. Therefore, it was required Emiss
T > 150GeV,Emiss

T /
√
HT > 5 and

∣∆ϕ(jet1,2,E
miss
T )∣ > 0.8 rad. Finally, the transverse mass was required to be between

60 and 90GeV as in the W + jets enriched selection.

The W + jets contribution is scaled to the W + jets scale factor of the bC_diag

signal region, µW = 0.93, which is characterised by the same jet multiplicity as this

validation region. An expected yield of 171 ± 4 (stat.) ±20 (syst.) events is obtained,

that is well compatible with the observed number of data events of 166. Figure 8.15

proves a good simulation modelling of this background for Emiss
T and the pT of the

leptonically decaying W .
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(a) leptonic W pT

(b) Emiss
T

Figure 8.15: W plus heavy flavour validation region. The W + jets contribution is scaled to

µW = 0.93. The yellow band includes systematic and statistical uncertainties.
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