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At	the	LHC	turn-on,	many	hoped	that	
SUSY	would	be	just	around	the	corner.
• However,	we	are	still	looking	for	it.

SUSY	is	not	a	model	but	a	large	
theoretical	framework.

Introduction

T.Rizzo

L.Davis/The New York Times

• ATLAS	is	investigating	the	reach	of	
the	HL-LHC	to	determine	how	far	can	“the	corner”	be
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SUSY	prospects	strategy

3

Simple	analysis	approaches	mimicking	the	Run	1&2	selections
• Parameterised detector	response	

(derived	from	full	simulation)
• Typically	consider	different	pile-up	regimes	and	detector	

layouts
• Sensitivity	evaluated	with	a	significance-like	variable,	referred	

to	as	Zn

The	HL-LHC		will	provide	a	much	larger	dataset,	at	the	cost	of	
additional	pile-up	interactions.
• Studies	are	also	used	to	guide	detector	design	and	

development,	to	maximise the	expected	physics	results

where ~p⌧1
T and ~p⌧2

T are the transverse momenta of the two taus, and ~qT is a transverse vector that minimises
the larger of the two transverse masses mT. The latter is defined by

mT(~pT, ~qT) =
q

2(pTqT � ~pT · ~qT). (2)

The mT2 distribution has a kinematic endpoint for events where two massive pair-produced particles each
decay to two particles, one of which is detected (the tau in our case) and the other escapes undetected (the
neutralino) [40, 41]. In events with more than two taus, mT2 is calculated using all possible tau pairs and
the largest value is chosen.

The selections of these variables are optimised for high discovery ZN [42], defined to be
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p

2 erf�1 (1 � 2p) (3)
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is the probability that the background Nb with uncertainty given by �b fluctuates to Ndata or above [43].
A systematic uncertainty of 30% on the estimated sum of all backgrounds is assumed, which is consistent
with the uncertainties found in published searches [37]. The multi-jet background is largely suppressed
by the high Emiss

T cut used in this study so it is not taken into account for the signal region optimisation.

A signal region is defined based on the optimisation results. The selection criteria are shown in Table 1,
the distribution of mT⌧1 +mT⌧2 before the last cut is shown in Fig. 4.

SR Definition

� 2 OS taus
loose jet-veto

Z-veto
�R(⌧1, ⌧2) < 3.5
Emiss

T > 280 GeV
mT2 > 40 GeV

mT⌧1 + mT⌧2 > 480 GeV

Table 1: Summary of selection requirements for the direct stau signal region.

3.2 Expected Sensitivity

Limits are set using ZN : the value of ZN is required to be larger than 5 for discovery and larger than 1.64
for 95% confidence level (CL) exclusion 2.
2 A one sided confidence interval is used. Comparing the used prescription with a dedicated 95%CL exclusion test yields very

similar results.
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The	HL-LHC	will	access	both	very	massive	and	very	rare	sparticles.
• Sensitivity	investigated	with	simplified	models.

A	comprehensive	search	programme
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Figure 6: The diagram for the squark (left) and gluino (right) pair production simplified models studied
in this note. The gluino is assumed to decay into qq�̃

0
1 with 100% branching ratio and the squark is

assumed to decay into q�̃
0
1 with 100% branching ratio.

4.2 Signal region selection

The signal region selection is similar to the selection in Ref. [22]. Jets are selected with pT > 20 GeV
and |⌘|< 4.5. Between minimal two and minimal six high pT jets are required, with no leptons present in
the event. Multiple signal regions have been optimised with requirements on the e↵ective mass me↵ =

E
miss
T +

P |pjet
T |, E

miss
T /me↵ and E

miss
T /

p
HT (where HT is defined as the scalar sum of the pT of all jets).

A summary of the signal regions is shown in Table 7. Harder selections on E
miss
T and jet pT would need

to be made to satisfy the trigger thresholds for these signal regions, however, the results are expected to
be the same due to the hard me↵ and E

miss
T /

p
HT selections.

4.3 Expected Sensitivity

Figure 7 shows the me↵ distribution in the 4-jet region with E
miss
T > 160 GeV for the Standard Model

background and two SUSY signal points; one with mg̃ = 1950 GeV and m�̃0
1
= 1 GeV, the other with

mg̃ = 1425 GeV and m�̃0
1
= 1400 GeV. For the compressed scenario, the signal distribution is similar in

shape to the background, and does not extend beyond the tail of the background at high me↵ . Compressed
signals are di�cult to detect due to this behaviour. Figure 8 shows similar distributions for two points
for squark pair production.

The number of expected events for the irreducible backgrounds and two benchmark signal points
is shown in Tables 8 and 9. As in the 8 TeV analysis, the Z+jets background is dominant, with the
contribution from the tt background increasing with jet multiplicity.

Figure 9 shows the expected exclusion and discovery contours. In the case of gluino pair production,
the production cross-section is derived for the decoupling limit. The cross-section is not altered much
if squarks are as light as a few TeV since t-channel processes are not of importance. With increasing
luminosity, discovery is expected for gluino-pair production up to mg̃ = 2000 GeV for 300 fb�1, and
mg̃ = 2350 GeV for the 3000 fb�1 luminosity scenario. Depending on the gluino mass, a �̃0

1 with
a mass up to 900 GeV (1100 GeV) can be discovered for the 300 fb�1 (3000 fb�1) luminosity scenario.
Notably, these mass ranges lie outside any current 8 TeV exclusion limits. The theoretical uncertainty on
the limit is mainly due to uncertainties in the parton-density functions and increases with gluino mass.
The theoretical uncertainty reaches about 400 GeV for gluinos with a mass of 2950 GeV. Theoretical
uncertainties on the SUSY signal are not seen to have large e↵ects on the limits for chargino-neutralino
production or sbottom pair production, however, they are seen to be important for the strong production
studied here. In the event of an absence of an excess over the Standard Model expectation, gluino masses
are expected to be excluded up to 2350 GeV (2950 GeV) for the 300 fb�1 (3000 fb�1) luminosity scenario,
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Squarks	and	gluinos
• highest	production	

cross-section

The	HL-LHC	will	access	both	very	massive	and	very	rare	sparticles.
• Sensitivity	investigated	with	simplified	models.
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The	HL-LHC	will	access	both	very	massive	and	very	rare	sparticles.
• Sensitivity	investigated	with	simplified	models.

Third	generation	squarks
• key	to	natural	SUSY
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Electroweak-inos
• Can	dominate	if	

squarks	and	gluinos are	
too	heavy
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The	HL-LHC	will	access	both	very	massive	and	very	rare	sparticles.
• Sensitivity	investigated	with	simplified	models.

The final states can contain three leptons/taus and missing transverse momentum as shown in Figure 2.
It should be noted that the WZ-mediated scenario with 100% branching fraction is not realistic for large
m�̃0

2
�m�̃0

1
> mh, however, the limits would fall somewhere between those achieved for the WZ-mediated

and Wh-mediated scenarios for the same production cross-section.
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Figure 2: The diagrams for the two �̃0
2�̃
±
1 simplified models studied in this note. The �̃±1 is assumed to

decay as �̃±1 ! W
±(⇤)�̃0

1 and the �̃0
2 either as �̃0

2 ! Z
(⇤) �̃0

1 or �̃0
2 ! h

(⇤) �̃0
1 with 100% branching ratio.

Two final states are studied for the Wh-mediated scenario: 3` and 1`2⌧. The dots in (b) depict possible
additional decay products of the lightest Higgs boson decaying via intermediate ⌧⌧, WW or ZZ states.

Two final states are considered for the �̃±1 �̃
0
2 simplified models studied in this note,

Three leptons (3`): where leptons (`) refers to electrons and muons including those from the ⌧-lepton
decays but do not include hadronically-decaying ⌧-leptons. This final state targets both the WZ-
mediated and Wh-mediated simplified models.

One lepton + two ⌧ (1`2⌧): where the one lepton (`) plus two hadronically decaying taus (⌧) signature
is used to target the Wh-mediated simplified model.

The background for a signal with 3` or 1`2⌧ and large E
miss
T is dominated by the irreducible processes

WZ
(⇤), tribosons and tt̄ + Z/W. The assumed systematic uncertainty of 30% on the estimated sum of all

backgrounds is expected to hold under the hypothesis that the theoretical uncertainty on the triboson
backgrounds is at the level of that of the diboson backgrounds for 14 TeV. The reducible process tt̄ is
also an important background, producing two prompt leptons from the W decays and a third when one
of the b-quarks in the event decays semileptonically and is mis-identified as a prompt, isolated lepton.
In the 1`2⌧ channel, the reducible processes tt̄, W+jets, Z+jets are important backgrounds where jets are
mis-identified as taus.

3.1 WZ-mediated Signal Region Selection

Candidate leptons are selected with pT larger than 10 GeV and |⌘|< 2.47 (2.4) for electrons (muons).
Candidate jets are selected with the anti-kt algorithm with a radius parameter of �R ⌘

p
(��)2 + (�⌘)2 =

0.4, with pT > 20 GeV and |⌘|< 2.5. Jets are required to be separated from candidate electrons with
�R(e, jet) > 0.2. Jets are tagged as originating from b-decays, “b-tagged jets”, with the chosen working
point of the b-tagging algorithm correctly identifying b-quark jets in simulated tt̄ samples with an average
e�ciency of 70%, with a light-flavour jet misidentification probability of about 1% (parametrised as a
function of jet pT and ⌘).

Leptons forming low mass Same-Flavour Opposite-Sign (SFOS) lepton pairs (invariant mass mSFOS <
12 GeV) are discarded to remove leptons from low-mass resonances. Leptons are required to be isolated

5



0 500 1000 1500 2000 2500 3000
m [GeV]

10�5

10�3

10�1

101

103

105

C
ro

ss
Se

ct
io

n
[p

b]

Followed prescriptions in 1407.5066 and 1310.2621 [hep-ph]

p
s = 14TeV

pp! c̃±1 c̃0
2

pp! t̃1t̃1

pp! t̃2t̃2

pp! g̃g̃
pp! q̃q̃⇤

pp! t̃ t̃⇤

Sleptons (staus)
• Can	match	the	DM	

observed	density
• Can	explain	the	µ g-2

A	comprehensive	search	programme

4

The	HL-LHC	will	access	both	very	massive	and	very	rare	sparticles.
• Sensitivity	investigated	with	simplified	models.

100 200 300 400 500 600 700
m [GeV]

10�5

10�4

10�3

10�2

10�1

100

C
ro

ss
Se

ct
io

n
[p

b]

Followed prescriptions in 1310.2621 [hep-ph]
�

s = 14TeV
pp � t̃Lt̃L

pp � t̃Rt̃R

Figure 1: Next-to-leading order cross-sections for the direct stau pair production at the LHC as a function of the stau
mass. The left-handed and right-handed stau-pair production cross sections are shown separately.
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Figure 2: Representative diagram illustrating the pair production of charged staus and subsequent decay into a
two-tau final state.

(2.4) for electrons (muons). Jets are reconstructed with the anti-kt algorithm [38, 39] with a radius
parameter of 0.4, with pT > 50 GeV and |⌘ | < 2.5. To remove close-by objects from one another, an
overlap removal based on �R ⌘

p
(��)2 + (�⌘)2 is applied. Taus are required to be separated from

candidate electrons and muons by �R(e/µ, ⌧) > 0.2, otherwise the taus will be discarded. Similarly, jets
are required to be separated from candidate electrons and taus by �R(e/⌧, jet) > 0.2.

Jets misidentified as taus are parameterised as a function of the jet pT and ⌘, and every jet is assigned a
weight corresponding to the tau fake rate. To maximise the available MC statistics, the probability for an
event to have one, two or three fake taus is assessed using all possible combinations of jets. Each event is
then weighted by the probability it will contribute to the fake tau background. Cases with more than three
fake taus are not considered due to the negligible probability (less than 10�6). The truth Emiss

T is computed
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Figure 6: The diagram for the squark (left) and gluino (right) pair production simplified models studied
in this note. The gluino is assumed to decay into qq�̃

0
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assumed to decay into q�̃
0
1 with 100% branching ratio.

4.2 Signal region selection

The signal region selection is similar to the selection in Ref. [22]. Jets are selected with pT > 20 GeV
and |⌘|< 4.5. Between minimal two and minimal six high pT jets are required, with no leptons present in
the event. Multiple signal regions have been optimised with requirements on the e↵ective mass me↵ =

E
miss
T +

P |pjet
T |, E

miss
T /me↵ and E

miss
T /

p
HT (where HT is defined as the scalar sum of the pT of all jets).

A summary of the signal regions is shown in Table 7. Harder selections on E
miss
T and jet pT would need

to be made to satisfy the trigger thresholds for these signal regions, however, the results are expected to
be the same due to the hard me↵ and E

miss
T /

p
HT selections.

4.3 Expected Sensitivity

Figure 7 shows the me↵ distribution in the 4-jet region with E
miss
T > 160 GeV for the Standard Model

background and two SUSY signal points; one with mg̃ = 1950 GeV and m�̃0
1
= 1 GeV, the other with

mg̃ = 1425 GeV and m�̃0
1
= 1400 GeV. For the compressed scenario, the signal distribution is similar in

shape to the background, and does not extend beyond the tail of the background at high me↵ . Compressed
signals are di�cult to detect due to this behaviour. Figure 8 shows similar distributions for two points
for squark pair production.

The number of expected events for the irreducible backgrounds and two benchmark signal points
is shown in Tables 8 and 9. As in the 8 TeV analysis, the Z+jets background is dominant, with the
contribution from the tt background increasing with jet multiplicity.

Figure 9 shows the expected exclusion and discovery contours. In the case of gluino pair production,
the production cross-section is derived for the decoupling limit. The cross-section is not altered much
if squarks are as light as a few TeV since t-channel processes are not of importance. With increasing
luminosity, discovery is expected for gluino-pair production up to mg̃ = 2000 GeV for 300 fb�1, and
mg̃ = 2350 GeV for the 3000 fb�1 luminosity scenario. Depending on the gluino mass, a �̃0

1 with
a mass up to 900 GeV (1100 GeV) can be discovered for the 300 fb�1 (3000 fb�1) luminosity scenario.
Notably, these mass ranges lie outside any current 8 TeV exclusion limits. The theoretical uncertainty on
the limit is mainly due to uncertainties in the parton-density functions and increases with gluino mass.
The theoretical uncertainty reaches about 400 GeV for gluinos with a mass of 2950 GeV. Theoretical
uncertainties on the SUSY signal are not seen to have large e↵ects on the limits for chargino-neutralino
production or sbottom pair production, however, they are seen to be important for the strong production
studied here. In the event of an absence of an excess over the Standard Model expectation, gluino masses
are expected to be excluded up to 2350 GeV (2950 GeV) for the 300 fb�1 (3000 fb�1) luminosity scenario,
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Selections	optimised on	
ETmiss,	meff,	ETmiss/meff and	
ETmiss/HT

• Events	with	2	to	6	jets
• Backgrounds:	Z(νν)+jets,	

W+jets,	ttbar
• Assumed	µ=140,	sbkg=10%

6

Fully	hadronic	squarks	and	gluinos

Table 7: Summary of selection requirements for the 300 fb�1 and 3000 fb�1 for the squark and gluino
signal regions. The 2j, 3j and 4jl regions, targetting squark pair production, have two cuts on me↵ . The
first is designed for scenarios where the gluino is decoupled, the other for the case in which the gluino
mass is 4.5 TeV.

Selection Channel
2jl 2jm 3j 4jl 4jm 4jt 5j 6jl 6jm 6jt

pT( j1) [GeV] > 160

Njets(pT > 60 [GeV]) � 2 3 4 5 6

E
miss
T [GeV] > 160

��(jet, Emiss
T )min [rad] > 0.4 ( j1, j2, j3), 0.2 (all pT > 40 GeV jets)

hµi = 60, 300 fb�1 scenario

E
miss
T /me↵ > – – 0.3 0.40 0.25 – 0.20 0.30 0.15 0.20

E
miss
T /

p
HT [GeV1/2] > 8 15 – – – 10 – – – –

me↵ [GeV] > 3600 3100, 4300 3600, 3000 3000, 2200 3200 3400 3000 2800 3400 3400

hµi = 140, 3000 fb�1 scenario

E
miss
T /me↵ > – – 0.3 0.35 0.25 – 0.25 0.25 0.35 0.15

E
miss
T /

p
HT [GeV1/2] > 8 15 – – – 10 – – – –

me↵ [GeV] > 4500, 5000 4500, 4900 4000 4000, 3800 4000 4500 4000 3400 3500 5000

assuming a massless �̃0
1. Depending on the gluino mass, �̃0

1 up to 1100 GeV (1500 GeV) can be excluded
for the 300 fb�1 (3000 fb�1) luminosity scenario. Such exclusion limits would extend well beyond the
existing limits already set by ATLAS.

For squark-pair production two scenarios have been studied. In the first scenario, the squarks are
completely decoupled from the gluino. In the second scenario, the gluino mass is set to mg̃ = 4.5 TeV,
which is above the expected HL-LHC exclusion reach. Here, t-channel gluino exchange processes con-
tribute and the production cross-section for heavy squarks is largely increased. The di↵erence in selection
e�ciencies for these scenarios is found to be < 30% for the relevant signal regions. Since this di↵erence
has only a very small e↵ect on the estimated limits, the same selection e�ciencies are used for both
scenarios.

If the gluino is extremly heavy (decoupled) squarks can be excluded up to a mass of about 2000 GeV
for light neutralinos and 3000 fb�1 integrated luminosity. The limit is reduced to 1850 GeV if the inte-
grated luminosity is 300 fb�1. In this scenario, squarks can be discovered up to 1400 GeV with 3000 fb�1.

If the gluino is lighter, the squark reach is increased. For squark-pair production in the case where
mg̃ = 4.5 TeV, squarks can be discovered up to a mass of 2400 GeV for 300 fb�1 and 3100 GeV for
3000 fb�1. Here, the exclusion reach for squarks reaches 3100 GeV for 300 fb�1 and 3500 GeV for
3000 fb�1 for very light neutralinos.

5 Search for bottom squark pair production

General arguments require the supersymmetric partners of the third generation quarks to be light in order
for supersymmetry to solve the hierarchy problem. A search for bottom squark pair production, with

15

Table 7: Summary of selection requirements for the 300 fb�1 and 3000 fb�1 for the squark and gluino
signal regions. The 2j, 3j and 4jl regions, targetting squark pair production, have two cuts on me↵ . The
first is designed for scenarios where the gluino is decoupled, the other for the case in which the gluino
mass is 4.5 TeV.

Selection Channel
2jl 2jm 3j 4jl 4jm 4jt 5j 6jl 6jm 6jt

pT( j1) [GeV] > 160

Njets(pT > 60 [GeV]) � 2 3 4 5 6

E
miss
T [GeV] > 160

��(jet, Emiss
T )min [rad] > 0.4 ( j1, j2, j3), 0.2 (all pT > 40 GeV jets)

hµi = 60, 300 fb�1 scenario

E
miss
T /me↵ > – – 0.3 0.40 0.25 – 0.20 0.30 0.15 0.20

E
miss
T /

p
HT [GeV1/2] > 8 15 – – – 10 – – – –

me↵ [GeV] > 3600 3100, 4300 3600, 3000 3000, 2200 3200 3400 3000 2800 3400 3400

hµi = 140, 3000 fb�1 scenario

E
miss
T /me↵ > – – 0.3 0.35 0.25 – 0.25 0.25 0.35 0.15

E
miss
T /

p
HT [GeV1/2] > 8 15 – – – 10 – – – –

me↵ [GeV] > 4500, 5000 4500, 4900 4000 4000, 3800 4000 4500 4000 3400 3500 5000

assuming a massless �̃0
1. Depending on the gluino mass, �̃0

1 up to 1100 GeV (1500 GeV) can be excluded
for the 300 fb�1 (3000 fb�1) luminosity scenario. Such exclusion limits would extend well beyond the
existing limits already set by ATLAS.

For squark-pair production two scenarios have been studied. In the first scenario, the squarks are
completely decoupled from the gluino. In the second scenario, the gluino mass is set to mg̃ = 4.5 TeV,
which is above the expected HL-LHC exclusion reach. Here, t-channel gluino exchange processes con-
tribute and the production cross-section for heavy squarks is largely increased. The di↵erence in selection
e�ciencies for these scenarios is found to be < 30% for the relevant signal regions. Since this di↵erence
has only a very small e↵ect on the estimated limits, the same selection e�ciencies are used for both
scenarios.

If the gluino is extremly heavy (decoupled) squarks can be excluded up to a mass of about 2000 GeV
for light neutralinos and 3000 fb�1 integrated luminosity. The limit is reduced to 1850 GeV if the inte-
grated luminosity is 300 fb�1. In this scenario, squarks can be discovered up to 1400 GeV with 3000 fb�1.

If the gluino is lighter, the squark reach is increased. For squark-pair production in the case where
mg̃ = 4.5 TeV, squarks can be discovered up to a mass of 2400 GeV for 300 fb�1 and 3100 GeV for
3000 fb�1. Here, the exclusion reach for squarks reaches 3100 GeV for 300 fb�1 and 3500 GeV for
3000 fb�1 for very light neutralinos.

5 Search for bottom squark pair production

General arguments require the supersymmetric partners of the third generation quarks to be light in order
for supersymmetry to solve the hierarchy problem. A search for bottom squark pair production, with
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Figure 6: The diagram for the squark (left) and gluino (right) pair production simplified models studied
in this note. The gluino is assumed to decay into qq�̃

0
1 with 100% branching ratio and the squark is

assumed to decay into q�̃
0
1 with 100% branching ratio.

4.2 Signal region selection

The signal region selection is similar to the selection in Ref. [22]. Jets are selected with pT > 20 GeV
and |⌘|< 4.5. Between minimal two and minimal six high pT jets are required, with no leptons present in
the event. Multiple signal regions have been optimised with requirements on the e↵ective mass me↵ =

E
miss
T +

P |pjet
T |, E

miss
T /me↵ and E

miss
T /

p
HT (where HT is defined as the scalar sum of the pT of all jets).

A summary of the signal regions is shown in Table 7. Harder selections on E
miss
T and jet pT would need

to be made to satisfy the trigger thresholds for these signal regions, however, the results are expected to
be the same due to the hard me↵ and E

miss
T /

p
HT selections.

4.3 Expected Sensitivity

Figure 7 shows the me↵ distribution in the 4-jet region with E
miss
T > 160 GeV for the Standard Model

background and two SUSY signal points; one with mg̃ = 1950 GeV and m�̃0
1
= 1 GeV, the other with

mg̃ = 1425 GeV and m�̃0
1
= 1400 GeV. For the compressed scenario, the signal distribution is similar in

shape to the background, and does not extend beyond the tail of the background at high me↵ . Compressed
signals are di�cult to detect due to this behaviour. Figure 8 shows similar distributions for two points
for squark pair production.

The number of expected events for the irreducible backgrounds and two benchmark signal points
is shown in Tables 8 and 9. As in the 8 TeV analysis, the Z+jets background is dominant, with the
contribution from the tt background increasing with jet multiplicity.

Figure 9 shows the expected exclusion and discovery contours. In the case of gluino pair production,
the production cross-section is derived for the decoupling limit. The cross-section is not altered much
if squarks are as light as a few TeV since t-channel processes are not of importance. With increasing
luminosity, discovery is expected for gluino-pair production up to mg̃ = 2000 GeV for 300 fb�1, and
mg̃ = 2350 GeV for the 3000 fb�1 luminosity scenario. Depending on the gluino mass, a �̃0

1 with
a mass up to 900 GeV (1100 GeV) can be discovered for the 300 fb�1 (3000 fb�1) luminosity scenario.
Notably, these mass ranges lie outside any current 8 TeV exclusion limits. The theoretical uncertainty on
the limit is mainly due to uncertainties in the parton-density functions and increases with gluino mass.
The theoretical uncertainty reaches about 400 GeV for gluinos with a mass of 2950 GeV. Theoretical
uncertainties on the SUSY signal are not seen to have large e↵ects on the limits for chargino-neutralino
production or sbottom pair production, however, they are seen to be important for the strong production
studied here. In the event of an absence of an excess over the Standard Model expectation, gluino masses
are expected to be excluded up to 2350 GeV (2950 GeV) for the 300 fb�1 (3000 fb�1) luminosity scenario,
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Discoverable	squark	pair	production	models	already	excluded	
with	36.1	fb-1 (ATLAS-CONF-2017-022)
• Gluinos are	in	similar	situation
• HE-LHC	would	be	needed	to	discover	these	particles

Expected	Sensitivity
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THIRD	GENERATION	SQUARKS

8
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness
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5.1 Signal regions for bottom squark pair production

The 8 TeV analysis considered signal regions with mCT thresholds up to 350 GeV. Here, signal regions
with higher thresholds are considered. The remainder of the signal region definition is retained and is
summarised in Table 10. As for the 8 TeV analysis, ��min is defined as the minimum azimuthal distance,
��, between any of the three leading jets and the pmiss

T vector. The ��min > 0.4 requirement is designed
to reject QCD multijet events with large E

miss
T resulting from a mis-measured jet. In this study, the QCD

multijet background is assumed to be negligible as seen in the 8 TeV analysis using a data-driven method.
The me↵(2) variable is the scalar sum of the pT of the two leading jets and the E

miss
T .

Figure 12 shows the mCT distribution after the selection in Table 10 but before any cut on mCT. An
optimisation of the signal region was performed by scanning over various cut thresholds for the leading
jet pTs, the E

miss
T and mCT .
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Figure 12: Distribution of the mCT for 300 fb�1 for three signal points and the SM backgrounds.

Table 10: Summary of selection requirements for the bottom squark pair production signal regions.

Selection SRx

Lepton veto No e/µ with pT > 7(6) GeV for e(µ)
E

miss
T > 150 GeV

Leading jet pT( j1) > 130 GeV
Third jet pT( j3) veto if > 50 GeV

b-tagging leading 2 jets
(pT > 50 GeV, |⌘| < 2.5)

��min > 0.4
E

miss
T /me↵(2) E

miss
T /me↵(2) > 0.25

mCT > x GeV
mbb > 200 GeV

20

Table 11: Expected numbers of events for SM background and three bottom squark pair signal points, for
di↵erent mCT thresholds and an integrated luminosity of 300fb�1. The uncertainties shown are statistical
only.

SRA300 SRA350 SRA450 SRA550 SRA650 SRA750
(m

b̃1
,m�̃0

1
) = (1000, 1) 216 ± 4 200 ± 4 161 ± 4 118.5 ± 3.2 78.6 ± 2.6 44.0 ± 1.9

(m
b̃1
,m�̃0

1
) = (1400, 1) 19.3 ± 0.9 18.4 ± 0.9 16.8 ± 0.8 14.9 ± 0.8 12.8 ± 0.7 10.2 ± 0.6

(m
b̃1
,m�̃0

1
) = (1600, 1) 6.04 ± 0.28 5.84 ± 0.28 5.55 ± 0.27 5.19 ± 0.26 4.57 ± 0.25 3.78 ± 0.22
tt̄ 32.6 ± 3.0 14.8 ± 2.0 4.3 ± 1.1 1.5 ± 0.7 0.6 ± 0.4 0.29 ± 0.29

single top 146 ± 12 83 ± 8 41 ± 6 25 ± 5 12.7 ± 3.2 8.9 ± 2.5
Z+jets 508 ± 8 249 ± 5 70.5 ± 2.7 23.1 ± 1.5 9.1 ± 1.0 4.1 ± 0.7
W+jets 92 ± 5 44 ± 4 9.3 ± 1.7 2.9 ± 0.9 1.6 ± 0.8 0.9 ± 0.6
Other 5.4 ± 0.5 3.3 ± 0.4 1.59 ± 0.28 0.50 ± 0.16 0.18 ± 0.09 0.15 ± 0.08
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Figure 13: Expected 95% exclusion limits and discovery reach for bottom squark pair production with
300fb�1 and 3000fb�1 of integrated luminosity.

5.2 Expected sensitivity to bottom squark pair production

Signal regions described in the previous sections are considered with mCT thresholds of 300, 350, 450,
550, 650 and 750 GeV. Higher thresholds are not considered since the MC statistical uncertainties be-
come dominant in the tail of the mCT distribution beyond 750 GeV. The systematic uncertainties for the
signal regions used in the 8 TeV analysis are assumed to be unchanged. The systematic uncertainty for
the signal regions with higher mCT thresholds (> 400 GeV) are assumed to be 30%. The number of ex-
pected events for the 300 fb�1 luminosity scenario is shown in Table 11. The dominant backgrounds are
Z+jets and single top production, with subleading contributions from W+jets and tt̄V .

Exclusion limits are set in the m
b̃1
� m�̃0

1
plane using the best expected signal region. The exclusion

limits are shown in Figure 13. The 5� discovery curves are also shown on the same plot. Bottom squark
masses up to 1400 GeV can be excluded at 95% CL with 300 fb�1 of integrated luminosity, for a massles
�̃0

1. With 3000 fb�1 at the HL-LHC, the exclusion reach improves by an additional 150 GeV. Bottom
squarks with masses of ⇠1100 GeV (1300 GeV) can be discovered with 5� significance with 300 fb�1 (
3000 fb�1).

21

Bottom	squarks
• Exploit	mCT(bb) endpoint	(6	SR)

• Backgrounds:	Z(νν)+bb,	single	
top,	ttV (V=W,Z)

• Assumed	µ=140,	sbkg=30%	
• Expected	95%	CL	limits	with	the	

best	SR	for	each	model
each bottom squark decaying to b�̃

0
1 with a 100% BR (as shown in Figure 10), was carried out at ATLAS

in Run I, setting a limit of ⇠650 GeV for a massless �̃0
1 [44]. Here, the prospects for bottom squark pair

production searches at the 14 TeV LHC with 300fb�1 and 3000fb�1 are studied.
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p
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�̃0
1

b
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Figure 10: The diagram for bottom squark pair production simplified model studied in this note. The
bottom squark is assumed to decay as b�̃

0
1 with 100% branching ratio.

The strategy pursued closely follows that of the 8 TeV analysis [44]. The main variable used to
discriminate the bottom squark pair signal from background is the boost-corrected contransverse mass,
mCT [45]. For parent particles produced with small transverse boosts, mCT is bounded from above by
an analytical combination of particle masses. This bound is saturated when the two visible objects are
co-linear. For tt̄ events this kinematic bound is at 135 GeV. For the production of bottom squark pairs,
the bound is given by:

m
max
CT =

m
2(b̃) � m

2(�̃0
1)

m(b̃)
. (1)

Figure 11 shows the mCT distribution for bottom squark signal events for hµi = 60. Due to the
endpoint for the tt̄ process, the mCT cut is found to be very e↵ective in suppressing this background. The
dominant background is then found to be Z(! ⌫⌫)+ bb̄, with smaller contributions from other processes
such as single top, tt̄V (V = W,Z) and diboson production.
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Figure 11: mCT distribution for signal events.
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5.1 Signal regions for bottom squark pair production

The 8 TeV analysis considered signal regions with mCT thresholds up to 350 GeV. Here, signal regions
with higher thresholds are considered. The remainder of the signal region definition is retained and is
summarised in Table 10. As for the 8 TeV analysis, ��min is defined as the minimum azimuthal distance,
��, between any of the three leading jets and the pmiss

T vector. The ��min > 0.4 requirement is designed
to reject QCD multijet events with large E

miss
T resulting from a mis-measured jet. In this study, the QCD

multijet background is assumed to be negligible as seen in the 8 TeV analysis using a data-driven method.
The me↵(2) variable is the scalar sum of the pT of the two leading jets and the E

miss
T .

Figure 12 shows the mCT distribution after the selection in Table 10 but before any cut on mCT. An
optimisation of the signal region was performed by scanning over various cut thresholds for the leading
jet pTs, the E

miss
T and mCT .
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Figure 12: Distribution of the mCT for 300 fb�1 for three signal points and the SM backgrounds.

Table 10: Summary of selection requirements for the bottom squark pair production signal regions.

Selection SRx

Lepton veto No e/µ with pT > 7(6) GeV for e(µ)
E

miss
T > 150 GeV

Leading jet pT( j1) > 130 GeV
Third jet pT( j3) veto if > 50 GeV

b-tagging leading 2 jets
(pT > 50 GeV, |⌘| < 2.5)

��min > 0.4
E

miss
T /me↵(2) E

miss
T /me↵(2) > 0.25

mCT > x GeV
mbb > 200 GeV
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0
1 with a 100% BR (as shown in Figure 10), was carried out at ATLAS

in Run I, setting a limit of ⇠650 GeV for a massless �̃0
1 [44]. Here, the prospects for bottom squark pair

production searches at the 14 TeV LHC with 300fb�1 and 3000fb�1 are studied.
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bottom squark is assumed to decay as b�̃

0
1 with 100% branching ratio.

The strategy pursued closely follows that of the 8 TeV analysis [44]. The main variable used to
discriminate the bottom squark pair signal from background is the boost-corrected contransverse mass,
mCT [45]. For parent particles produced with small transverse boosts, mCT is bounded from above by
an analytical combination of particle masses. This bound is saturated when the two visible objects are
co-linear. For tt̄ events this kinematic bound is at 135 GeV. For the production of bottom squark pairs,
the bound is given by:

m
max
CT =

m
2(b̃) � m

2(�̃0
1)

m(b̃)
. (1)

Figure 11 shows the mCT distribution for bottom squark signal events for hµi = 60. Due to the
endpoint for the tt̄ process, the mCT cut is found to be very e↵ective in suppressing this background. The
dominant background is then found to be Z(! ⌫⌫)+ bb̄, with smaller contributions from other processes
such as single top, tt̄V (V = W,Z) and diboson production.
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11	fully	hadronic	SRs	(6+	jets)
• ETmiss and	mT

b (closest	b-jet	in	f)

11	single	lepton	SRs	(4+	jets)
• ETmiss and	mT

• Top	reconstruction	via	mjjj

• Backgrounds:	ttbar,	Z(vv)	
and	ttV (V=W,Z)

• Assumed	µ=140,	sbkg=30%	
• 95%	CL	limits	from	the	

combination	of	the	best	
SRs	of	the	two	channels

Multi-jet	and	single	lepton	search
10
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Figure 3: Left: the Emiss
T distribution after all other requirements have been applied in the 1-lepton

channel. Right: the Emiss
T distribution after all other requirements have been applied in the 0-lepton

analysis. The figures show the pair production of stops with a mass of 800 GeV decaying to a neutralino
of 100 GeV as a signal.

The requirements on Emiss
T and on mb

T were examined across the plane of stop and LSP masses. Table
3 shows the minimum requirements on Emiss

T and mb
T as a function of the stop mass. Numbers of events

for signal and background are shown in Table 4.
Figure 3 (right) shows the Emiss

T distribution after all other requirements have been applied, for an
assumed integrated luminosity of 3000 fb�1. The most important background is from semileptonic
tt̄ events. Backgrounds from tt̄+V (where V = W,Z) and from Z(! ⌫⌫)+jets processes are also sig-
nificant. The tt̄+V background is dominated by tt̄+Z events.

300 fb�1 3000 fb�1

mstop (GeV) Emiss
T (GeV) mb

T (GeV) Emiss
T (GeV) mb

T (GeV)
500 400 200 400 250
600 450 200 500 250
700 550 250 550 250
800 600 250 650 250
900 650 250 700 250

1000 650 300 800 400
1100 650 300 800 400
1200 650 300 900 450
1300 650 300 900 450
1400 650 300 900 450
1500 650 300 900 450

Table 3: Minimum requirements on Emiss
T and mb

T for the 0-lepton stop analysis as a function of the stop
mass, for integrated luminosities of 300 and 3000 fb�1.

2.4 Expected Sensitivity

Figure 4 shows the discovery and exclusion potential versus the t̃ and �̃0
1 masses in the two studies

together with the observed limits from the analyses of 8 TeV data [27, 28].
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Figure 5: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, �̃0

1 mass plane assuming t̃ ! t + �̃0
1 with a branching ratio of 100%. The

results are shown for the combination of the 1-lepton and 0-lepton analyses. The observed limits from
the analyses of 8 TeV data are also shown.

Figure 6: The Feynman diagram for the �̃0
2�̃
±
1 simplified model studied in this note. The �̃±1 is assumed

to decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 as �̃0
2 ! Z(⇤) �̃0

1 with 100% branching ratio.

3.3 Signal Region Selection

Two signal regions are defined for each luminosity scenario considered, “SR1-3000” and “SR2-3000”
for the 3000 fb�1 scenario and “SR1-300” and “SR2-300” for the 300 fb�1 scenario. The regions are Z-
enriched regions to target the �̃0

2 decays via on-shell Z bosons and have ranked selections on the pT of the
three leptons of 100, 80 and 50 GeV from leading to second leading to third leading respectively. Events
are required to include at least one Z boson candidate, defined as a Same-Flavour Opposite-Sign (SFOS)
lepton pair with mass |mSFOS � mZ | < 10 GeV. The mT is constructed from the lepton not included in the
SFOS pair with invariant mass closes to the Z boson mass. Each signal region has tight mT and Emiss

T
requirements to increase sensitivity in scenarios with large mass splitting between the chargino (or �̃0

2)
and the lightest neutralino. The Emiss

T and mT distributions after the above selections and after requiring
Emiss

T > 50 GeV, are shown in Figure 7 for the 3000 fb�1 scenario. The signal regions for the 300 fb�1

and 3000 fb�1 scenarios have been optimised seperately and are described in Table 5.

10
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300 fb�1 3000 fb�1

mstop (GeV) Emiss
T (GeV) mT (GeV) Emiss

T (GeV) mT (GeV)
500 350 250 400 250
600 400 300 450 300
700 500 350 500 350
800 550 350 550 350
900 600 400 600 400

1000 650 500 700 500
1100 700 500 750 550
1200 750 500 800 550
1300 750 500 800 550
1400 750 500 800 550
1500 750 500 800 550

Table 1: Minimum requirements on Emiss
T and mT for the stop search in the 1-lepton channel as a function

of the stop mass, for integrated luminosities of 300 fb�1and 3000 fb�1.

(800,100) (1100,100)

tt̄ 257±25 6.6±3.8
tt̄+W 15±2 0.9±0.5
tt̄+Z 71±7 8.5±2.3

W+jets 41±11 5.4±3.8

Total bkg 385±28 21.4±5.9

Signal 880±18 55.7±1.5

Table 2: Numbers of events for background and two representative signal points for the 1-lepton stop
analysis for an integrated luminosity of 3000 fb�1. The column headings indicate the masses of the stop
and of the LSP, m(t̃, �̃0

1), in GeV. The selection criteria are optimized to these masses. Estimates are
based on MC only and uncertainties are statistical only.

2.3.2 0-lepton channel optimization

The strategy in the 0-lepton channel follows closely the one adopted in Ref. [26]. The event selection is
made orthogonal to the 1-lepton analysis by requiring that events contain no leptons. Events containing
electrons (muons) with pT> 20(10) GeV and |⌘| < 2.5(2.4) are rejected. Six or more jets with pT>
80, 80, 35, 35, 35, 35 GeV and |⌘| < 2.5 are required, and two or more jets are required to be b-tagged.
The minimum azimuthal separation between any of the three highest pT jets and the direction of the
missing transverse momentum is required to be greater than 0.2⇡. Top quarks are reconstructed in the
same manner as was used for the hadronic top in the 1-lepton channel. Two tops are required, with the
three-jet masses required to be between 80 and 270 GeV.

The main observables used to define the signal regions are:

• the missing transverse momentum, Emiss
T ;

• the transverse mass variable, mb
T =

q
2 ⇥ pT,b ⇥ Emiss

T ⇥ (1 � cos(��)) where �� is the angular
separation of Emiss

T and the b-tagged jet closest in azimuth to the Emiss
T .
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Di-lepton	search
Targets	compressed	scenarios	
with	m(t1)-m(c1)=m(t)
• one	ISR	jet,	ETmiss and	mT2

• Backgrounds:	ttbar and	ttZ

• Assumed	µ=200,	sbkg=30%	
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Figure 2: Distributions of E
miss
T (left) and the leading ISR jet pT (right) for events passing the m`` ,

min{��(jetISR, E
miss
T )} and ��(jetISR1, Emiss

T ) requirements described in Section 4 and with E
miss
T >300 GeV.

The contributions from all SM backgrounds are shown, and the hashed band represents the statistical uncertainty
on the total SM background prediction. The expected distributions for signal models with mt̃1 = 350 GeV and
mt̃1 = 700 GeV are also shown as dashed lines for comparison.
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Figure 3: Distributions of mT2 for events passing all SR selection requirements, except that on mT2 itself. The
contributions from all SM backgrounds are shown, and the hashed band represents the statistical uncertainty on
the total SM background prediction. The expected distributions for signal models with mt̃1 = 350 GeV and
mt̃1 = 700 GeV are also shown as dashed lines for comparison.

5 Expected Sensitivity

Table 2 shows the expected yields in the SR for each background source, together with two benchmark
signal models.

7

Table 2: Expected yields in the SR together with their statistical uncertainties, for an integrated luminosity of
3000 fb�1. The expected numbers of events for two signal samples (mt̃1 = 350 GeV, m �̃0

1
= 177 GeV and mt̃1 =

700 GeV, m �̃0
1

= 527 GeV) are also reported.

SR

Expected Standard Model 13.8 ± 6.5

tt̄ 11.4 ± 5.1
tt̄ + Z 2.4 ± 1.5
Others 0.0+1.8

�0.0

t̃1 t̃1 m(t̃1, �̃
0
1) = (350, 177) GeV 62.7 ± 7.5

t̃1 t̃1 m(t̃1, �̃
0
1) = (700, 527) GeV 11.0 ± 2.0
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Figure 4: Expected compatibility, in terms of p-value p0, with the background-only hypothesis (left) and exclusion
limits at 95% CL shown as the ratio between the cross-section limit � and the nominal NLO+NLL prediction
�theory (right) from the analysis of 3000 fb�1of 14 TeV proton-proton collision data as a function of the t̃1 mass,
for mt̃1 � m �̃0

1
= 173 GeV and assuming BR(t̃1 ! t �̃

0
1) = 1. The shaded bands show the e�ect on the limit

of respectively one and two sigma variations on the background prediction. The sensitivity from the analysis of
300 fb�1of 14 TeV collision data is also shown as a red dashed line for comparison.

The HistFitter framework [58], which utilises a profile-likelihood-ratio test statistics [59], is used to
compute expected exclusion limits with the CLs prescription [60] assuming a 30% systematic uncertainty
on the background expectation.

Scans of expected discovery significance and 95% CL limits are shown in Figure 4 as a function of the
t̃1 mass. Simplified models of top squark production are considered, in which the t̃1 decays with 100%
branching ratio into t �̃

0
1. The 5� discovery potential for the full HL-LHC dataset is expected to extend up

to mt̃1 = 480 GeV, while in the absence of a signal, t̃1 masses up to 700 GeV are expected to be excluded
at 95% CL.
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The final states can contain three leptons/taus and missing transverse momentum as shown in Figure 2.
It should be noted that the WZ-mediated scenario with 100% branching fraction is not realistic for large
m�̃0

2
�m�̃0

1
> mh, however, the limits would fall somewhere between those achieved for the WZ-mediated

and Wh-mediated scenarios for the same production cross-section.

(a) WZ-mediated

�̃±
1

�̃0
2

W

hp

p

�̃0
1

`

⌫

�̃0
1

.
..

`

`

(b) Wh-mediated (h!``)

�̃±
1

�̃0
2

W

hp

p

�̃0
1

`

⌫

�̃0
1

⌧

⌧

(c) Wh-mediated (h!⌧⌧)

Figure 2: The diagrams for the two �̃0
2�̃
±
1 simplified models studied in this note. The �̃±1 is assumed to

decay as �̃±1 ! W
±(⇤)�̃0

1 and the �̃0
2 either as �̃0

2 ! Z
(⇤) �̃0

1 or �̃0
2 ! h

(⇤) �̃0
1 with 100% branching ratio.

Two final states are studied for the Wh-mediated scenario: 3` and 1`2⌧. The dots in (b) depict possible
additional decay products of the lightest Higgs boson decaying via intermediate ⌧⌧, WW or ZZ states.

Two final states are considered for the �̃±1 �̃
0
2 simplified models studied in this note,

Three leptons (3`): where leptons (`) refers to electrons and muons including those from the ⌧-lepton
decays but do not include hadronically-decaying ⌧-leptons. This final state targets both the WZ-
mediated and Wh-mediated simplified models.

One lepton + two ⌧ (1`2⌧): where the one lepton (`) plus two hadronically decaying taus (⌧) signature
is used to target the Wh-mediated simplified model.

The background for a signal with 3` or 1`2⌧ and large E
miss
T is dominated by the irreducible processes

WZ
(⇤), tribosons and tt̄ + Z/W. The assumed systematic uncertainty of 30% on the estimated sum of all

backgrounds is expected to hold under the hypothesis that the theoretical uncertainty on the triboson
backgrounds is at the level of that of the diboson backgrounds for 14 TeV. The reducible process tt̄ is
also an important background, producing two prompt leptons from the W decays and a third when one
of the b-quarks in the event decays semileptonically and is mis-identified as a prompt, isolated lepton.
In the 1`2⌧ channel, the reducible processes tt̄, W+jets, Z+jets are important backgrounds where jets are
mis-identified as taus.

3.1 WZ-mediated Signal Region Selection

Candidate leptons are selected with pT larger than 10 GeV and |⌘|< 2.47 (2.4) for electrons (muons).
Candidate jets are selected with the anti-kt algorithm with a radius parameter of �R ⌘

p
(��)2 + (�⌘)2 =

0.4, with pT > 20 GeV and |⌘|< 2.5. Jets are required to be separated from candidate electrons with
�R(e, jet) > 0.2. Jets are tagged as originating from b-decays, “b-tagged jets”, with the chosen working
point of the b-tagging algorithm correctly identifying b-quark jets in simulated tt̄ samples with an average
e�ciency of 70%, with a light-flavour jet misidentification probability of about 1% (parametrised as a
function of jet pT and ⌘).

Leptons forming low mass Same-Flavour Opposite-Sign (SFOS) lepton pairs (invariant mass mSFOS <
12 GeV) are discarded to remove leptons from low-mass resonances. Leptons are required to be isolated

5

and the �̃0
1 to be bino-like. The �̃±1 and �̃0

2 decay via W and lightest Higgs boson, respectively, with a
branching fraction of 100%. The Higgs boson considered is SM-like, with a mass of 125 GeV and is
assumed to decay with SM branching ratios. Only the case where the Higgs decays to two b-quarks is
studied for this scenario. The final state considered contains one lepton, two b-jets and missing transverse
momentum as shown in Fig. 2.

�̃±
1

�̃0
2

W

hp

p

�̃0
1

`

⌫

�̃0
1

b

b

Figure 2: The diagram for the �̃0
2�̃
±
1 simplified model studied in this note. The �̃±1 is assumed to decay as

�̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 as �̃0
2 ! h(⇤) �̃0

1 with 100% branching ratio. One final state is studied for the
Wh-mediated scenario: 1`2b.

The expected background is dominated by tt̄, single top and associated production of tt̄ and a vector
boson (tt̄ + V).

3.1 Signal Region Selection

The event preselection is based on that of the 8 TeV analysis documented in [32]. Candidate leptons are
selected with pT larger than 25 GeV and |⌘|< 2.47 (2.4) for electrons (muons). Candidate jets are recon-
structed with the anti-kt algorithm with a radius parameter of 0.4, with pT > 50 GeV and |⌘|< 2.5. Jets
are required to be separated from candidate electrons by �R(e, jet) > 0.2, where �R ⌘

p
(��)2 + (�⌘)2.

Jets are tagged as originating from b-decays (b-tagged) using a parameterisation (function of the jet pT
and ⌘) modelling the performances of the IP3D+SV1 b-tagging algorithm. The chosen working point
identifies b-jet with an average e�ciency of 70%, a c-quark jets misidentification probability of about
20% and a light-flavour jet misidentification probability of about 1%. The truth Emiss

T is computed as
the vectorial sum of the momenta of neutral weakly-interacting particles (neutrinos and neutralinos). It
is then smeared to simulate detector response, with a function parameterised in the average number of
interactions per bunch crossing µ and the scalar sum of energy in the calorimeter

P
ET.

Events are selected with exactly one high energetic and isolated lepton. The isolation criteria is
defined by asking that �R(`, jet) > 0.4. Events with additional leptons are vetoed. The event must
contain at least two b-tagged jets, that, in addition, must be the leading jets in the event.

The invariant mass computed from the b-jets momenta is required to be in the range 105 < mbb <
135 GeV, to reject non-resonant SM backgrounds. This cut has an average e�ciency on signal events of
65% in the hµi = 60 scenario. This e�ciency degrades by up to 5% passing to the hµi = 120 scenario,
however modifying the mass selection was found to have negligible e↵ects on the final SR sensitivity and
hence kept the same. Furthermore, the events are required to contain fewer than four jets, to reduce the
contamination coming from semi-leptonic and fully hadronic tt̄ events. Since the final state contains two

4



Targets	WZ-mediated	decays
• Backgrounds:	WZ and	ttV
• Assumed	µ=140,	sbkg=30%	
• Expected	95%	CL	limits	from

combination	of	non-
overlapping	regions

Multi-lepton	search
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Table 1: Summary of selection requirements for the 300 fb�1 and 3000 fb�1
WZ-mediated signal regions.

For each luminosity scenario, the looser “A” signal region aims at maximal discovery, and the tighter
“B” and “C” regions aim at maximal exclusion. Region“D” is an additional tight signal region for the
3000 fb�1 scenario. The mass of the SFOS lepton pair closest to the Z boson mass is denoted by mSFOS.

Selection SRA SRB SRC SRD

mSFOS[GeV] 81.2-101.2
# b-tagged jets 0

lepton pT (1,2,3)[GeV] > 50
E

miss
T [GeV] > 250 > 300 > 400 > 500

mT [GeV] > 150 > 200 > 200 > 200
hµi = 60, 300 fb�1 scenario yes yes yes –
hµi = 140, 3000 fb�1 scenario yes yes yes yes

3.2 WZ-mediated Expected Sensitivity

The number of events for the SM background and four SUSY scenarios can be seen in Table 2 for the
300 fb�1 and 3000 fb�1 signal regions. The SM background is dominated by WZ production in all signal
regions, followed by small contributions from ZWW, ZZW and tt̄Z production. SM backgrounds with at
least one mis-identified or non-prompt lepton (tt̄ and Z+jets) are completely suppressed in this study by
the tight signal regions requirements.

Table 2: Expected numbers of events for SM background and four SUSY scenarios for the WZ-mediated
signal regions. Uncertainties are statistical only.

Sample SRA SRB SRC SRA SRB SRC SRD
Scenario 300 fb�1, µ=60 3000 fb�1, µ=140

WZ 9.60±0.32 4.59±0.22 1.91±0.14 200±5 59.4±2.5 22.0±1.5 8.3±1.0
ZZ 0 0 0 0 0 0 0

VVV 2.11±0.18 1.07±0.13 0.44±0.08 24.3±1.9 12.1±1.4 5.4±0.8 2.0±0.5
Wh 0 0 0 0 0 0 0
tt̄V 0.67±0.19 0.23±0.12 0 14.4±2.8 4.2±1.6 0.31±0.31 0
tt̄ 0 0 0 0 0 0 0

⌃MC 12.4±0.4 5.89±0.28 2.35±0.16 239±6 75.6±3.3 27.7±1.8 10.3±1.1

WZ-mediated
m(�̃0

2, �̃
0
1)=(400,0) GeV 38.5±0.6 20.1±0.5 5.47±0.23 407±6 224±5 67.9±2.6 19.7±1.4

m(�̃0
2, �̃

0
1)=(600,0) GeV 19.40±0.20 14.69±0.17 7.76±0.12 194.8±2.0 148.9±1.7 81.6±1.3 33.5±0.8

m(�̃0
2, �̃

0
1)=(800,0) GeV 6.97±0.06 5.90±0.06 4.21±0.05 69.6±0.6 59.1±0.6 42.4±0.5 25.2±0.4

m(�̃0
2, �̃

0
1)=(1000,0) GeV 2.31±0.02 2.05±0.02 1.64±0.02 22.94±0.19 20.42±0.18 16.36±0.16 11.55±0.14

The signal significances from the WZ-mediated signal regions are combined in quadrature for each of
the two luminosities considered. For WZ-mediated signals, the combination is performed using disjoint
versions of SRA-C (SRA-D) for the 300 fb�1 (3000 fb�1) luminosity scenario. The disjoint regions are
defined by imposing upper E

miss
T and mT bounds on the looser regions to prevent overlap with the tighter

regions, e.g. SRA is additionally required to have E
miss
T < 300 GeV or mT < 200 GeV to prevent overlap

with SRB.
The 95% exclusion and 5� discovery contours that would be expected for the WZ-mediated simpli-

7

fied models can be seen in Figure 4. In the case of the WZ-mediated simplified models and the luminosity
scenario of 300 fb�1, the exclusion contour reaches 840 GeV in �̃±1 , �̃

0
2 mass, while for the high luminosity

scenario with 3000 fb�1, the contour extends as far as 1.1 TeV in �̃±1 , �̃
0
2 mass. The discovery contour for

300 fb�1 reaches 560 GeV in �̃±1 , �̃
0
2 mass, and 820 GeV for the high luminosity scenario with 3000 fb�1.
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Figure 4: The expected 95% exclusion and discovery contours for the 300 fb�1 and 3000 fb�1 luminosity
scenarios in the m(�̃0

1) vs m(�̃±1 , �̃
0
2) plane for the WZ-mediated simplified model. The 8 TeV exclusion

contour is also shown in orange [19].

3.3 3` Wh-mediated Signal Region Selection

Leptons are selected as in Section 3.1. Events are selected with exactly three leptons and events with a
Same-Flavour Opposite-Sign (SFOS) lepton pair present among the three leptons are rejected to suppress
the WZ background. This SFOS veto mainly selects Wh-mediated �̃±1 �̃

0
2 signal events where the h!WW.

Events with b-tagged jets are vetoed to suppress tt̄ and tt̄ + V backgrounds. The WZ and tt̄ samples are
generated with a E

miss
T > 50 GeV filter, and so a requirement of E

miss
T > 100 GeV is imposed after

smearing. A requirement is made on the invariant mass of the two OS leptons closest in �R, m
min�R

OS
, to

reject the tt̄ and WWW backgrounds. Large mT formed from each of the three leptons, mT(`1), mT(`2)
and mT(`3), is required to reduce the contributions from the tt̄ and triboson backgrounds. The thresholds
on m

min�R

OS
, mT(`1), mT(`2) and mT(`3) are optimised for high ZN . Four signal regions are defined for

the Wh-mediated simplified model: two loose regions “E” and “F” optimised for small mass splitting
scenarios, a tight region “G” optimised for large mass splitting scenarios, and a very tight region “H”
optimised for large mass splittings in the 3000 fb�1 scenario, and these are summarised in Table 3.

3.4 1`2⌧ Wh-mediated Signal Region Selection

Leptons and jets are selected as in Section 3.1. Candidate taus are selected with pT larger than 20 GeV
and |⌘|< 2.47. All taus are requested to be separated from candidate jets (jets are discarded if �R(⌧, jet) <
0.2) and leptons (taus are discarded if �R(⌧, `) < 0.2). Due to limited statistics in some MC samples, MC
events are used 10 times with di↵erent seeds used for the reconstruction parametrisation. The events are
then weighted by 1/10 to account for this e↵ect.
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Additional	multi-lepton	SRs
• Z-veto	for	same	flavour lepton	pairs
Dedicated	hadronic	taus selection
• Backgrounds:	ttbar and	WW
• Assumed	µ=140,	sbkg=30%	
• Expected	95%	CL	limits	from

combination	of	non-overlapping	regions

Higgs	mediated	decays	(ll and	tt)

24

contour reaches 650 GeV in �̃±1 , �̃
0
2 mass for the 300 fb�1 scenario, and 940 GeV in �̃±1 , �̃

0
2 mass for the

3000 fb�1 scenario. The discovery contour for 3000 fb�1 reaches 650 GeV in �̃±1 , �̃
0
2 mass, however,

a discovery contour is not achieved for the 300 fb�1 scenario. For the 8 TeV analysis, the exclusion
contour reaches 150 GeV in �̃±1 , �̃

0
2 mass and 17 GeV in �̃0

1 mass [20].
In the case of the 1`2⌧ channel, the exclusion contour reaches 550 GeV in �̃±1 , �̃

0
2 mass for the

3000 fb�1 scenario. An exclusion contour for 300 fb�1 is not achieved, neither are discovery contours
for either luminosity scenario. A statistical fluctuation in the WW background sample used for the anal-
ysis leads to a conservative estimate of the WW background of 3.5 events. Using an ABCD method
with the E

miss
T and |pT (⌧1)| + |pT (⌧2)| variables, the WW estimate is reduced to 0.1 events and the limits

improve by about 50 GeV in �̃±1 , �̃0
2 and �̃0

1 mass. Despite the weak sensitivity to Wh-mediated scenarios
with h! ⌧⌧ final states, the 1`2⌧ channel gives excellent complementarity to 3` final states.
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Figure 5: The expected 95% exclusion contours for the 300 fb�1 and 3000 fb�1 luminosity scenarios in
the m(�̃0

1) vs m(�̃±1 , �̃
0
2) plane for the Wh-mediated simplified model. The sensitivity using the 3` channel

is shown on the left, and the 1`2⌧ channel on the right.

4 Strongly produced supersymmetry

Strongly produced SUSY particles are expected to have the highest production cross-section of all SUSY
processes, provided they are light enough to be produced at the LHC. In this study, simplified models
of gluino and squark pair production are considered. The gluino decays directly into two quarks and the
LSP (�̃0

1) with 100% branching ratio, as shown in Figure 6. The squark decays into a quark and the LSP
(�̃0

1) with 100% branching ratio. In both cases signal events are characterised by many jets, large E
miss
T

and no leptons.

4.1 Background processes

The SM background for a signal with many jets and large E
miss
T is dominated by Z+jets, W+jets, tt̄ and

diboson production. Based on 8 TeV published results [22], the diboson background is set to 10% of the
total of the other SM backgrounds, multijet production is assumed to be suppressed to negligible levels
by dedicated signal region requirements, and the uncertainty on the total SM background is assumed to
be 10%.

11

Table 3: Summary of selection requirements for the 300 fb�1 and 3000 fb�1 3` Wh-mediated signal
regions. The looser “E” and “F” signal regions are optimised for small mass splitting scenarios, the
tight “G” region for larger mass splittings and the very tight “H” region for large mass splittings for the
3000 fb�1 scenario only.

Selection SRE SRF SRG SRH

SFOS pair veto
# b-tagged jets 0

E
miss
T [GeV] > 100

m
min�R

OS
[GeV] < 75

mT(`1) [GeV] > 200 > 200 > 300 > 400
mT(`2) [GeV] > 100 > 150 > 150 > 150
mT(`3) [GeV] > 100 > 100 > 100 > 100

hµi = 60, 300 fb�1 scenario yes yes yes —
hµi = 140, 3000 fb�1 scenario yes yes yes yes

Events are selected with exactly one lepton with pT larger than 25 GeV and an Opposite Sign (OS)
tau pair. Events with b-tagged jets are vetoed to suppress tt̄ and tt̄ + V backgrounds. The tt̄ samples
decaying to taus are generated with a E

miss
T > 120 GeV filter, and so a requirement of E

miss
T > 250 GeV

is imposed after smearing.
A signal region for the 3000 fb�1 luminosity scenario is defined in Table 4, where the tau pair invari-

ant mass m⌧⌧ is required to be 80–130 GeV consistent with a h!⌧⌧ decay. In addition to a b-jet veto and
a large E

miss
T requirement, the scalar sum of the pT of the two taus is also required to be high to reject

most SM backgrounds. Finally, the transverse mass (using the lepton and E
miss
T ) is required to be large

to suppress SM processes with W!`⌫ decays.

Table 4: Summary of selection requirements for the 3000 fb�1 1`2⌧ Wh-mediated signal region.

Selection SR1`2⌧

# e, µ 1
# ⌧ 2 (OS)

# b-tagged jets 0
E

miss
T [GeV] > 250

m⌧⌧ [GeV] 80-130
|pT (⌧1)| + |pT (⌧2)| [GeV] > 190

mT(`) [GeV] > 130

3.5 Wh-mediated Expected Sensitivity

The number of events for the SM background and four SUSY scenarios can be seen in Table 5 for the
300 fb�1 and 3000 fb�1 3` signal regions. The SM background is dominated by WWW and tt̄ production
in both signal regions, followed by smaller contributions from Wh, tt̄W, ZWW and WZ production. SM
backgrounds with a Z boson are almost completely suppressed in this study by the SFOS lepton veto. In

9
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(a) 300 fb�1 < µ >= 60 scenario
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Figure 4: Distributions of the event mT after all the SRA (left) and SRC (right) selections but for the cut
on mT itself.The contributions from all SM backgrounds are shown, with the bands representing the total
uncertainty. The distributions of the signal expected for two di↵erent models are also shown: the solid
line corresponds to a signal with a 500 GeV �̃0

2, �̃
±
1 and a 300 GeV �̃0

1 neutralino, while the dashed line
corresponds to a signal with 600 GeV �̃0

2, �̃
±
1 and a massless �̃0

1.

in published searches. Four signal regions are defined: two regions, “A” and “B”, optimised for the
300 fb�1 scenario and two tighter regions, “C” and “D”, optimised for the 3000 fb�1 scenario. These are
summarised in Table 1.

Selection SRA SRB SRC SRD

# of leptons (e, µ) 1
# b-tagged jets 2

mbb [GeV] 105 < mbb < 135
# jets 2 or 3

mCT [GeV] > 200 > 200 > 300 > 300
mT [GeV] > 200 > 250 > 200 > 250

Emiss
T [GeV] > 300 > 350 > 400 > 450

hµi = 60, 300 fb�1 scenario yes yes – –
hµi = 140, 3000 fb�1 scenario – – yes yes

Table 1: Summary of selection requirements for the Wh-mediated signal regions.

The second strategy uses boosted decision trees (BDT) to separate signal events from SM back-
grounds, and is considered only in the HL-LHC scenario. The following variables are given as input to
the BDT, after applying the common event pre-selection: mCT, mT, Emiss

T , �R(leading b-jet, sub-leading
b-jet), the leading b-jet pT and ��(leading b-jet,Emiss

T ).
Figure 6 shows the distributions of the additional variables not used in the cut and count approach.
Three BDTs were used: one targeting low values of the �̃0

2, �̃
±
1 mass (m(�̃0

2, �̃
±
1 ) = 300 GeV, m(�̃0

1) = 0
GeV), one targeting intermediate masses (m(�̃0

2, �̃
±
1 ) = 800 GeV, m(�̃0

1) = 400 GeV) and the last one
targeting heavier masses (m(�̃0

2, �̃
±
1 ) = 1300 GeV, m(�̃0

1) = 0 GeV). Each BDT was trained using a
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on the total background is assumed, which is consistent with the uncertainties determined in the
published Run 1 search [93]. The most significant observables to suppress the background and
preserve the signal are the missing transverse momentum, the transverse mass mT of the lepton
and missing transverse momentum, and the boost-corrected contransverse mass mCT, calculated
from the b-jets 7. Table 40 reports the signal region selection (in common for the Reference, Middle,
and Low scenarios) and Fig. 102 shows the transverse mass of the signal and background events
in signal region SR1.
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Figure 102. Distributions of the transverse mass after the SR1 selection (except for the transverse mass se-
lection) in the Reference (upper), Middle (lower left) and Low (lower right) scenarios for the 1`bb SUSY search.
The contributions from all SM backgrounds are shown, with the bands representing the total uncertainty. The
distributions of the signal expected for two different models are also shown: the solid line corresponds to a
signal with a 500 GeV �̃0

2, �̃
±
1 and a 300 GeV �̃0

1 neutralino, while the dashed line corresponds to a signal with
600 GeV �̃0

2, �̃
±
1 and a massless �̃0

1.

The discovery potential of the search corresponding to Z0 = 5 is presented in Fig. 103 and in
Table 41 for the Reference, Middle and Low scenarios. Mass-degenerate �̃0

2 and �̃±1 with masses up
to 850 GeV can be discovered at the HL-LHC for massless neutralinos. This significantly improves
the current ATLAS Run 1 95% C.L. of 250 GeV [93] and is comparable to the latest projection
given in Ref. [95]. The discovery reach is reduced to 770 and 675 GeV in the Middle and Low
scenarios, respectively. Under the assumption of a detector based on the Middle (Low) scenario,
6000 fb�1 (12,000 fb�1) would be needed to reach the discovery potential of the Reference scenario
at 3000 fb�1.

7The boost-corrected contransverse mass [94] is is bound from above by an analytical combination of particle masses,
m

max
CT = (m2

parent �m
2
daughter)/(mparent)
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±
1 and �̃0

1 mass plane for the 1`bb SUSY search.

momentum and ⌘, scenario, and pile-up condition as described in Section XI.2. Three different
collections of jets are utilised:

• “Large-R" Jets: truth jets reconstructed with R = 1.0 are trimmed with an algorithm that relies
on sub-jets reconstructed using the k

t
algorithm with radius parameter Rsub = 0.2. The trimming

algorithm removes sub-jets with pT less than 5% of the large-R jet pT. The mass of the large-R
jets is smeared with a Gaussian of width equal to 8.5% of the truth jet mass.

• “Track” Jets: truth jets reconstructed with R = 0.2 serve as a proxy for “track” jets that are to
be b-tagged. Track jets are considered to match large-R jets if they lie within �R < 1.2.

• “Trigger” Jets: truth jets reconstructed with R = 0.4.

The details of the jet selection are provided in Table 42. Due to the high jet thresholds applied, the
contribution of jets from pile-up interactions is considered negligible and no pile-up jets are superim-
posed on the hard scatter event in this analysis. The b-tagging algorithm working point corresponds
to a b-tagging efficiency of 70% for jets with |⌘| < 2.7 in tt̄ events. For jets with pT > 300 GeV, a
working point with constant efficiency for b-jets is adopted, taking into account the variation of c- and
light-jet rejection as a function of pT.

The dominant background process originates from multi-jet production. Optimal signal-to-back-
ground discrimination is achieved by applying the event selection described in Table 43, where track
jets matched to the large-R jets must satisfy the b-tagging requirements. A “top-veto” is then imposed
by rejecting events where the mass of any combination of the two track jets associated with either the
leading or the sub-leading large-R jet with a third track jet is in the range 135�190 (125�190) GeV
for the leading (sub-leading) larger R-jet. Finally, the signal region is formed by the ensemble of
events satisfying X

hh
<1.6 where X

hh
is defined as:

X
hh
=

vut0
BBBBB@

m
lead
J � 124 GeV

0.1m
lead
J

1
CCCCCA

2

+

0
BBBBB@

m
subl
J � 115 GeV

0.1m
subl
J

1
CCCCCA

2

. (8)
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Reconstruct	mbb from	Higgs
• Backgrounds:	tt and	ttV
• Assumed	µ=200,	sbkg=30%
• Available	for	different	

detector	designs	
• MVA	techniques	also	explored
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Figure 1: Next-to-leading order cross-sections for the direct stau pair production at the LHC as a function of the stau
mass. The left-handed and right-handed stau-pair production cross sections are shown separately.
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Figure 2: Representative diagram illustrating the pair production of charged staus and subsequent decay into a
two-tau final state.

(2.4) for electrons (muons). Jets are reconstructed with the anti-kt algorithm [38, 39] with a radius
parameter of 0.4, with pT > 50 GeV and |⌘ | < 2.5. To remove close-by objects from one another, an
overlap removal based on �R ⌘

p
(��)2 + (�⌘)2 is applied. Taus are required to be separated from

candidate electrons and muons by �R(e/µ, ⌧) > 0.2, otherwise the taus will be discarded. Similarly, jets
are required to be separated from candidate electrons and taus by �R(e/⌧, jet) > 0.2.

Jets misidentified as taus are parameterised as a function of the jet pT and ⌘, and every jet is assigned a
weight corresponding to the tau fake rate. To maximise the available MC statistics, the probability for an
event to have one, two or three fake taus is assessed using all possible combinations of jets. Each event is
then weighted by the probability it will contribute to the fake tau background. Cases with more than three
fake taus are not considered due to the negligible probability (less than 10�6). The truth Emiss

T is computed

5



Targets	events	with	two	hadron	taus
and	no	other	hadronic	activity
• Backgrounds:	W+jets and	ttbar
• Assumed	µ=200,	sbkg=20,30,50%
• No	discovery	sensitivity	is	found	for	

pure	τR production	due	to	the	small	
cross	section

Hadronic	tau	search
17

as the vectorial sum of the momenta of neutral weakly-interacting particles (neutrinos and neutralinos).
It is then smeared to simulate detector response, with a function parameterised in µ and the scalar sum of
energy in the calorimeter

P
ET.

Before the optimization, some pre-selection cuts are applied to suppress the SM backgrounds. Events
are selected with at least two hadronic taus with opposite sign (OS). All events with electrons and muons
are vetoed. A loose jet-veto (rejecting events with jets with pT > 60 GeV) is applied, to reduce the
contamination coming from SM backgrounds. The jet veto is safe against pileup because the pT threshold
is high. Since the final state contains two �̃0

1, the resulting Emiss
T spectrum tends to be harder than the

major SM backgrounds, a 280 GeV cut on the smeared event Emiss
T is applied.

Furthermore, the invariant mass computed from the leading and sub-leading taus after above cut is
required to be larger than 100 GeV to reject tau pairs decaying from Z boson. This cut is very e�cient to
suppress Z+jets and diboson backgrounds, and does not have a big impact on the signal (see Fig. 3). This
requirement is referred to as the “Z-veto”.
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Figure 3: Distribution of the invariant mass of the two leading taus after 2 OS taus, electron and muon veto,
loose jet-veto and Emiss

T >280 GeV. The stacked histograms show the expected SM backgrounds normalised to
3000 fb�1. The hatched bands represent the statistical uncertainties on the total SM background. For illustration,
the distributions of three SUSY reference points are also shown as dashed lines.

Starting from this common pre-selection, a cut-and-count method is used to define the signal region (SR).
Several variables with good discrimination power between signal and SM backgrounds are used: the
event Emiss

T , �R(⌧1, ⌧2), which is the angular separation between the leading and next-to-leading tau,
mT⌧1 +mT⌧2 , where mT⌧1 (mT⌧2 ) is the transverse mass computed from the transverse momentum of the
leading (next-to-leading) tau and Emiss

T , and the “stransverse mass” mT2 defined as:

mT2 = min
~qT

f
max
⇣
mT(~p⌧1

T , ~qT),mT(~p⌧2
T , E

miss
T � ~qT)

⌘g
, (1)

6

where ~p⌧1
T and ~p⌧2

T are the transverse momenta of the two taus, and ~qT is a transverse vector that minimises
the larger of the two transverse masses mT. The latter is defined by

mT(~pT, ~qT) =
q

2(pTqT � ~pT · ~qT). (2)

The mT2 distribution has a kinematic endpoint for events where two massive pair-produced particles each
decay to two particles, one of which is detected (the tau in our case) and the other escapes undetected (the
neutralino) [40, 41]. In events with more than two taus, mT2 is calculated using all possible tau pairs and
the largest value is chosen.

The selections of these variables are optimised for high discovery ZN [42], defined to be

Zn =
p

2 erf�1 (1 � 2p) (3)

where

p /
Z 1

0
db G(b; Nb, �b)

1X

i=Ndata

e�bbi

i!
(4)

is the probability that the background Nb with uncertainty given by �b fluctuates to Ndata or above [43].
A systematic uncertainty of 30% on the estimated sum of all backgrounds is assumed, which is consistent
with the uncertainties found in published searches [37]. The multi-jet background is largely suppressed
by the high Emiss

T cut used in this study so it is not taken into account for the signal region optimisation.

A signal region is defined based on the optimisation results. The selection criteria are shown in Table 1,
the distribution of mT⌧1 +mT⌧2 before the last cut is shown in Fig. 4.

SR Definition

� 2 OS taus
loose jet-veto

Z-veto
�R(⌧1, ⌧2) < 3.5
Emiss

T > 280 GeV
mT2 > 40 GeV

mT⌧1 + mT⌧2 > 480 GeV

Table 1: Summary of selection requirements for the direct stau signal region.

3.2 Expected Sensitivity

Limits are set using ZN : the value of ZN is required to be larger than 5 for discovery and larger than 1.64
for 95% confidence level (CL) exclusion 2.
2 A one sided confidence interval is used. Comparing the used prescription with a dedicated 95%CL exclusion test yields very

similar results.
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The	reach	of	simplified	SUSY	searches	at	the	HL-LHC	has	been	
explored.
• A	comprehensive	programme spanning	from	strong	to	

electroweakly produced	sparticles
• In	some	cases,	higher	center	of	mass	energies	will	be	needed	

to	make	a	discovery

The	search	for	SUSY	continues!
• Many	interesting	prospects	in	preparation
• We’ll	keep	looking	into	corners	(e.g.	R-parity	violating	and	long-

lived	SUSY)

Stay	tuned!

Summary
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