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Introduction to hadronic SUSY Searches at 13 TeV SUSY at 13 TeV

Supersymmetry (SUSY) at
√

s = 13 TeV
More information in arXiv:1411.1427
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Figure 1: Cross sections for SUSY particle production. at
p

s = 8 TeV and 13-14 TeV. The

colored particle cross sections are from nll-fast [14] and evaluated at
p

s = 8 TeV and

13 TeV; the electroweak pure higgsino cross sections are from prospino [15] and evaluated

at
p

s = 8 TeV and 14 TeV. The electroweak pair production cross section is sensitive to

mixing, and the higgsino cross sections (shown in the figure) are approximately a factor of

2 lower than the pure wino case.
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Expect large increase of SUSY cross-sections going from 8→ 13 TeV
σ(g̃g̃) increases by ×30 for m(g̃) = 1.4 TeV at 13 TeV
Very large phase space, e.g. m(g̃)− m(χ̃

0
1)� m(t): → boosted top/W,

compressed mass spectra, significant variety of final states!
Strong focus on g̃ initiated processes with first Run 2 data, with
discovery potential beyond Run 1 limits with >10 fb−1 of 13 TeV data
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Introduction to hadronic SUSY Searches at 13 TeV SUSY at 13 TeV

Supersymmetry (SUSY) at
√

s = 13 TeV
Just a few all-hadronic searches targeting many and vastly different final states
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Expect large increase of SUSY cross-sections going from 8→ 13 TeV
σ(g̃g̃)× 30 for m(g̃) = 1.4 TeV
Very large phase space, e.g. m(g̃)− m(χ̃

0
1)� m(t): → boosted top/W,

compressed mass spectra, significant variety of final states!
Strong focus on g̃ initiated processes with first Run 2 data, with
discovery potential beyond Run 1 limits with >10 fb−1 of 13 TeV data
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Introduction to hadronic SUSY Searches at 13 TeV Search strategies and observables employed

Search strategies for all-hadronic SUSY processes at 13 TeV

4

Analysis Strategy

Cut and count analysis
Discriminating variables used to define
signal-enriched regions (SRs), based on
specific benchmark models
Yields are compared with the ones
predicted by the Standard Model
Minor backgrounds are taken from Monte
Carlo
For the major background, tt , the shape
is taken from Monte Carlo, but the
normalization is data-driven
tt normalization derived in control regions
(CRs), and tested in validation regions
(VRs)
SRs, CRs and VRs are orthogonal

HistFitter and analysis strategies

Analysis strategy and framework

HistFitter was built around the concept of control, validation and signal regions.

Control regions to constrain
the backgrounds.

Extrapolation to signal
regions.

Validation regions to check
the extrapolation.

All regions orthogonal!
!

 !

!
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� Standard analysis strategy, rigorously implemented in HistFitter.

Jeanette Lorenz (LMU) Introduction to HistFitter 26.06.2014 7

7

Strategy for Region Definition

For each channel (Gbb, Gtt-1L, Gtt-0L) we define 2 or 3 SRs,
characterized by different cuts on the kinematic variables (chosen
with optimization)
Each SR targets a different region of the signal grid

09/12/15 Gbb/Gtt analysis approval 10 

Region definitions (I) 
General philosophy 

•  Signal regions with various kinematic requirements to be 
sensitive across most of parameter space 

•  Corresponding CR and VR defined by inverting/loosening cuts 
(mT(W) and/or mT(b,MET), lepton veto, meff) 

g ~ 

X0 ~ C 

B 

A 

A à 

B à 

C à 

large mass splitting 

intermediate mass splitting 

small mass splitting 

For each region, define one CR to derive tt normalization and one or
more VR to test the extrapolation between CRs and SRs

Cut and count analysis strategies are used

Signal regions (SR) ⊥ to validation (VR) & control regions (CR)
SRs typically target large, intermediate, or small mass splittings

Primary backgrounds from MC are normalized in CRs and tested in VRs
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Introduction to hadronic SUSY Searches at 13 TeV Search strategies and observables employed

Classes of observables used when searching for SUSY
Three primary classes of event selection observables [arXiv:1605.01416]
that are sensitive to distinct features of SUSY processes:

Missing energy-type: sensitive to the properties of the invisible states,
e.g. how many neutralinos in the event, what is their mass, etc.;

Energy scale-type: sensitive to the overall energy scale of the event, e.g.
the mass of the gluino (mg̃);

Energy structure-type: sensitive to the structure of the visible energy,
e.g. how many partons are generated in the decay, how that energy is
partitioned across the final state objects (both visible and invisible);

→ Observables that fall into each of these classes are used in the two
searches that I will discuss in detail today.

13 TeV ATLAS searches using >10 fb−1 of 2016 data discussed in this talk:
Zero-lepton final states with 2-6 jets: ATLAS-CONF-2016-078

Multi-b jet final states with 0 and 1 lepton: ATLAS-CONF-2016-052
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Introduction to hadronic SUSY Searches at 13 TeV Search strategies and observables employed

Observables used in these two 13 TeV searches for SUSY
For the 13 TeV ATLAS searches, we utilize each of these classes:

Missing energy-type:
Missing transverse momentum: Emiss

T and ~pT
miss

Missing transverse momentum significance: Emiss
T /
√

HT
RJigsaw H-scale for 1 visible, 1 invisible state: HPP

1,1 (Similar to Emiss
T )

Energy scale-type:
Effective mass: Meff =

∑

jets

pT +
∑

leptons

+Emiss
T (also considering only first 4 jets)

Scalar sum of visible momenta: HT,

Transverse mass: mT =

√
2p`TEmiss

T (1− cos(∆φ( ~pT
miss, `)) (b-quarks can also replace the lepton)

RJigsaw H-scale: HPP
2,1, HPP

4,1 (Similar to Meff)

RJigsaw ISR pT scale: |pISR
TS | (sum pT of ISR jets

Energy structure-type:
Jet multiplicity: Njet, Nb−jet

Total jet mass: MΣ
J =

∑
mjet

(also considering only first 4 large-radius jets)

Angular distributions: ∆φ4j
min = min(|φany−jet − ~pT

miss|) > 0.4 (for all 0` selections)

Aplanarity: A = (3/2)λ3
QCD Emiss

T alignment: ∆QCD (signed asymmetry between Emiss
T and jet azimuthal directions)

D. W. Miller (EFI, Chicago) Searches for SUSY in fully hadronic final states August 4, 2016 7 / 21



Introduction to hadronic SUSY Searches at 13 TeV Search strategies and observables employed

Recursive Jigsaw Reconstruction (RJR) for SUSY at 13 TeV
See the poster by Paul Jackson on RJR techniques and the recent paper (arXiv:1607.08307)
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Figure 2: (a) Inclusive strong sparticle production decay tree. Two sparticles (Pa and Pb) are non-resonantly pair-
produced with each decaying to one or more visible particles (Va and Vb) which are reconstructed in the detector, and
two systems of invisble particles (Ia and Ib) whose four-momenta are only partially constrained. (b) An additional
level of decays can be added to the left tree when requiring more than two visible objects. This tree is particularly
useful for the search for gluino pair-production described in the text. (c) Strong sparticle production with ISR decay
tree for use with small mass-splitting spectra. A signal sparticle system S decaying to a set of visible momenta V
and invisible momentum I recoils o↵ of a jet radiation system ISR.

In searches for strong production of sparticles in R-parity conserving models, one can impose the decay267

tree shown in Figure 2(a). Each event is analyzed as if two sparticles (the intermediate states Pa and Pb)268

were produced and then decayed to the particles observed in our detector (the collections Va and Vb).269

The benchmark signal models probed in this search give rise to signal events with at least two weakly-270

interacting particles associated with two systems of particles (Ia and Ib), the respective children of the271

initially produced sparticles.272

This decay tree includes several kinematic and combinatoric unknowns. In the final state with no leptons,273

the objects observed in the detector are exclusively jets and one must decide how to partition these jets274

into the two groups Va and Vb in order to calculate the observables associated with the decay tree. In this275

case, the grouping that minimizes the masses of the four-vector sum of group constituents is chosen.276

More explicitly, the collection of reconstructed jet four-vectors, V ⌘ {pi} and their four-vector sum pV277

are considered. Each of the four-momenta is evaluated in the rest-frame of pV (V-frame) and di↵erent278

partitionings of these jets Vi = {p1, · · · , pNi} are considered such that Va
T

Vb = 0 and Va
S

Vb = V .279

For each partition, the sum of four-vectors p V
Vi
=
PNi

j p V
j is calculated and the combination chosen that280

maximizes the momenta of the two groups, |~p V
Va
| + |~p V

Vb
|. The axis that this partition implicitly defines281

in the V rest-frame is equivalent to the thrust-axis of the jets, and the masses MVi =
q

p2
Vi

have, in a282

sense, been simultaneously minimized. When analyzing the entire event, these two groups are called “jet283

hemispheres.”284

The remaining unknowns in the event are associated with the two collections of weakly interacting285

particles: their masses, longitudinal momenta and information as how the two groups independently286

contribute to the Emiss
T . The RJR algorithm organizes these unknowns into the groups of necessary in-287

formation for determining the relative velocities of the reference frames in the decay tree, or the boosts288

that relate them to each other. The algorithm then proceeds from the first known reference frame, the lab289

frame, and traverses the decay tree through each intermediate frame. When unknowns are encountered290
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Figure 2: (a) Inclusive strong sparticle production decay tree. Two sparticles (Pa and Pb) are non-resonantly pair-
produced with each decaying to one or more visible particles (Va and Vb) which are reconstructed in the detector, and
two systems of invisble particles (Ia and Ib) whose four-momenta are only partially constrained. (b) An additional
level of decays can be added to the left tree when requiring more than two visible objects. This tree is particularly
useful for the search for gluino pair-production described in the text. (c) Strong sparticle production with ISR decay
tree for use with small mass-splitting spectra. A signal sparticle system S decaying to a set of visible momenta V
and invisible momentum I recoils o↵ of a jet radiation system ISR.

In searches for strong production of sparticles in R-parity conserving models, one can impose the decay267

tree shown in Figure 2(a). Each event is analyzed as if two sparticles (the intermediate states Pa and Pb)268

were produced and then decayed to the particles observed in our detector (the collections Va and Vb).269

The benchmark signal models probed in this search give rise to signal events with at least two weakly-270

interacting particles associated with two systems of particles (Ia and Ib), the respective children of the271

initially produced sparticles.272

This decay tree includes several kinematic and combinatoric unknowns. In the final state with no leptons,273

the objects observed in the detector are exclusively jets and one must decide how to partition these jets274

into the two groups Va and Vb in order to calculate the observables associated with the decay tree. In this275

case, the grouping that minimizes the masses of the four-vector sum of group constituents is chosen.276

More explicitly, the collection of reconstructed jet four-vectors, V ⌘ {pi} and their four-vector sum pV277

are considered. Each of the four-momenta is evaluated in the rest-frame of pV (V-frame) and di↵erent278

partitionings of these jets Vi = {p1, · · · , pNi} are considered such that Va
T

Vb = 0 and Va
S

Vb = V .279

For each partition, the sum of four-vectors p V
Vi
=
PNi

j p V
j is calculated and the combination chosen that280

maximizes the momenta of the two groups, |~p V
Va
| + |~p V

Vb
|. The axis that this partition implicitly defines281

in the V rest-frame is equivalent to the thrust-axis of the jets, and the masses MVi =
q

p2
Vi

have, in a282

sense, been simultaneously minimized. When analyzing the entire event, these two groups are called “jet283

hemispheres.”284

The remaining unknowns in the event are associated with the two collections of weakly interacting285

particles: their masses, longitudinal momenta and information as how the two groups independently286

contribute to the Emiss
T . The RJR algorithm organizes these unknowns into the groups of necessary in-287

formation for determining the relative velocities of the reference frames in the decay tree, or the boosts288

that relate them to each other. The algorithm then proceeds from the first known reference frame, the lab289

frame, and traverses the decay tree through each intermediate frame. When unknowns are encountered290
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Decompose events according to particular decay topology assumption
and partition kinematics to estimate missing degrees of freedom
“Hemispheres” defined using thrust axis of event
Observables are computed by minimizing hemisphere masses and
assigning missing degrees of freedom with each
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Introduction to hadronic SUSY Searches at 13 TeV Search strategies and observables employed

Recursive Jigsaw Reconstruction (RJR) for SUSY at 13 TeV
See the poster by Paul Jackson on RJR techniques and the recent paper (arXiv:1607.08307)
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Figure 2: (a) Inclusive strong sparticle production decay tree. Two sparticles (Pa and Pb) are non-resonantly pair-
produced with each decaying to one or more visible particles (Va and Vb) which are reconstructed in the detector, and
two systems of invisble particles (Ia and Ib) whose four-momenta are only partially constrained. (b) An additional
level of decays can be added to the left tree when requiring more than two visible objects. This tree is particularly
useful for the search for gluino pair-production described in the text. (c) Strong sparticle production with ISR decay
tree for use with small mass-splitting spectra. A signal sparticle system S decaying to a set of visible momenta V
and invisible momentum I recoils o↵ of a jet radiation system ISR.

In searches for strong production of sparticles in R-parity conserving models, one can impose the decay267

tree shown in Figure 2(a). Each event is analyzed as if two sparticles (the intermediate states Pa and Pb)268

were produced and then decayed to the particles observed in our detector (the collections Va and Vb).269

The benchmark signal models probed in this search give rise to signal events with at least two weakly-270

interacting particles associated with two systems of particles (Ia and Ib), the respective children of the271

initially produced sparticles.272

This decay tree includes several kinematic and combinatoric unknowns. In the final state with no leptons,273

the objects observed in the detector are exclusively jets and one must decide how to partition these jets274

into the two groups Va and Vb in order to calculate the observables associated with the decay tree. In this275

case, the grouping that minimizes the masses of the four-vector sum of group constituents is chosen.276
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contribute to the Emiss
T . The RJR algorithm organizes these unknowns into the groups of necessary in-287
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Figure 2: (a) Inclusive strong sparticle production decay tree. Two sparticles (Pa and Pb) are non-resonantly pair-
produced with each decaying to one or more visible particles (Va and Vb) which are reconstructed in the detector, and
two systems of invisble particles (Ia and Ib) whose four-momenta are only partially constrained. (b) An additional
level of decays can be added to the left tree when requiring more than two visible objects. This tree is particularly
useful for the search for gluino pair-production described in the text. (c) Strong sparticle production with ISR decay
tree for use with small mass-splitting spectra. A signal sparticle system S decaying to a set of visible momenta V
and invisible momentum I recoils o↵ of a jet radiation system ISR.

In searches for strong production of sparticles in R-parity conserving models, one can impose the decay267

tree shown in Figure 2(a). Each event is analyzed as if two sparticles (the intermediate states Pa and Pb)268

were produced and then decayed to the particles observed in our detector (the collections Va and Vb).269

The benchmark signal models probed in this search give rise to signal events with at least two weakly-270

interacting particles associated with two systems of particles (Ia and Ib), the respective children of the271

initially produced sparticles.272

This decay tree includes several kinematic and combinatoric unknowns. In the final state with no leptons,273

the objects observed in the detector are exclusively jets and one must decide how to partition these jets274

into the two groups Va and Vb in order to calculate the observables associated with the decay tree. In this275

case, the grouping that minimizes the masses of the four-vector sum of group constituents is chosen.276

More explicitly, the collection of reconstructed jet four-vectors, V ⌘ {pi} and their four-vector sum pV277

are considered. Each of the four-momenta is evaluated in the rest-frame of pV (V-frame) and di↵erent278

partitionings of these jets Vi = {p1, · · · , pNi} are considered such that Va
T

Vb = 0 and Va
S

Vb = V .279

For each partition, the sum of four-vectors p V
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=
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j is calculated and the combination chosen that280
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|. The axis that this partition implicitly defines281

in the V rest-frame is equivalent to the thrust-axis of the jets, and the masses MVi =
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sense, been simultaneously minimized. When analyzing the entire event, these two groups are called “jet283
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particles: their masses, longitudinal momenta and information as how the two groups independently286

contribute to the Emiss
T . The RJR algorithm organizes these unknowns into the groups of necessary in-287
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and partition kinematics to estimate missing degrees of freedom
“Hemispheres” defined using thrust axis of event
Observables are computed by minimizing hemisphere masses and
assigning missing degrees of freedom with each
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Two all-hadronic SUSY Searches at 13 TeV
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Two all-hadronic SUSY Searches at 13 TeV Zero-lepton final states with 2-6 jets

Targeting zero-lepton (0L) final states with 2-6 jets
Just released for ICHEP! ATLAS-CONF-2016-078

Two simultaneous strategies: Large Meff and Recursive Jigsaw (RJR):
Meff > (0.8− 2.2) TeV, Njet > (2− 6), Emiss

T > 200, 500 GeV, ∆φ > (0.2− 0.4)
HPP

1,1/HPP
4,1 > (0.2− 0.35), ∆QCD > 0,

→ First use of the RJR technique at the LHC!
30 signal regions between the Meff and RJR analyses:

See backup slides for details!
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χ̃0
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q

q

χ̃0
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q

q

Control regions (CR) establish
backgrounds in assoc. signal regions (SR)

Z(→ νν)+jets: from γ + jets in CRγ
Multi-jets: from multijets in CRQ
W(→ `ν)+jets: from W+jets in CRW
t̄t: from semileptonic t̄t in CRT

Validation regions (VR) are used to
confirm the predictions from the CRs.
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Figure 4: Observed p CM
TS distribution in control regions (a) RJR-CR�, (b) RJR-CRQ, (c) RJR-CRW and (d) RJR-

CRT after selecting events for the corresponding control regions as indicated in the text for RJR-C1 region and
after applying all selection requirements except those on the plotted variable. The arrows indicate the values at
which the requirements are applied. The histograms denote the pre-fit MC background expectations, normalized to
cross-section times integrated luminosity. In case of �+jets background, a  factor described in the text is applied.
The last bin includes the overflow. The hatched (red) error bands denote the combined experimental, MC statistical
and theoretical modelling uncertainties.

8.2. Validation regions579

The background estimation procedure is validated by comparing the numbers of events observed in the580

VRs to the corresponding SM background expectations obtained from the background-only fits. Several581

VR samples are selected in both searches, with requirements distinct from those used in the CRs, which582

maintain a low probability of signal contamination.583
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→ First use of the RJR technique at the LHC!
30 signal regions between the Meff and RJR analyses:

See backup slides for details!
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Figure 3: Observed me↵(incl.) distributions in control regions (a) Me↵-CR�, (b) Me↵-CRQ, (c) Me↵-CRW and
(d) Me↵-CRT after selecting events with at least four energetic jets as indicated in Table 2 for Me↵-4j-1000. No
selection requirements on ��(jet, Emiss

T )min are applied in Me↵-CRW and Me↵-CRT regions. The arrows indicate
the values at which the requirements on me↵(incl.) are applied. The histograms denote the pre-fit MC background
expectations, normalized to cross-section times integrated luminosity. In case of �+jets background, a  factor
described in the text is applied. The last bin includes the overflow. The hatched (red) error bands denote the
combined experimental, MC statistical and theoretical modelling uncertainties.
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Figure 3: Observed me↵(incl.) distributions in control regions (a) Me↵-CR�, (b) Me↵-CRQ, (c) Me↵-CRW and
(d) Me↵-CRT after selecting events with at least four energetic jets as indicated in Table 2 for Me↵-4j-1000. No
selection requirements on ��(jet, Emiss

T )min are applied in Me↵-CRW and Me↵-CRT regions. The arrows indicate
the values at which the requirements on me↵(incl.) are applied. The histograms denote the pre-fit MC background
expectations, normalized to cross-section times integrated luminosity. In case of �+jets background, a  factor
described in the text is applied. The last bin includes the overflow. The hatched (red) error bands denote the
combined experimental, MC statistical and theoretical modelling uncertainties.
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Figure 4: Observed p CM
TS distribution in control regions (a) RJR-CR�, (b) RJR-CRQ, (c) RJR-CRW and (d) RJR-

CRT after selecting events for the corresponding control regions as indicated in the text for RJR-C1 region and
after applying all selection requirements except those on the plotted variable. The arrows indicate the values at
which the requirements are applied. The histograms denote the pre-fit MC background expectations, normalized to
cross-section times integrated luminosity. In case of �+jets background, a  factor described in the text is applied.
The last bin includes the overflow. The hatched (red) error bands denote the combined experimental, MC statistical
and theoretical modelling uncertainties.

8.2. Validation regions579

The background estimation procedure is validated by comparing the numbers of events observed in the580

VRs to the corresponding SM background expectations obtained from the background-only fits. Several581

VR samples are selected in both searches, with requirements distinct from those used in the CRs, which582

maintain a low probability of signal contamination.583
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8. Background estimation514

Standard Model background processes contribute to the event counts in the signal regions. The dominant515

sources in both searches presented here are: Z+jets, W+jets, top quark pairs, single top quarks, dibosons516

and multi-jet production. Non-collision backgrounds are negligible. Diboson production is estimated517

with MC simulated data normalized to NLO cross-section predictions, as described in Section 3. Most518

of the W+jets background is composed of W ! ⌧⌫ events in which the ⌧-lepton decays to hadrons, with519

additional contributions from W ! e⌫, µ⌫ events in which no baseline electron or muon is reconstruc-520

ted. The largest part of the Z+jets background comes from the irreducible component in which Z ! ⌫⌫̄521

decays generate large Emiss
T . Top quark pair production followed by semileptonic decays, in particular522

tt̄ ! bb̄⌧⌫qq0 (with the ⌧-lepton decaying to hadrons), as well as single-top-quark events, can also gen-523

erate large Emiss
T and satisfy the jet and lepton-veto requirements. The multi-jet background in the signal524

regions is due to missing transverse momentum from misreconstruction of jet energies in the calorimeters,525

as well as neutrino production in semileptonic decays of heavy-flavour hadrons. After applying the re-526

quirements based on ��(jet, Emiss
T )min and Emiss

T /me↵(Nj) in Me↵-based search, or �QCD, p PP
T /H

PP
T 2,1 and527

��(jet, Emiss
T )min in RJR-based search, as indicated in Tables 2 and 3, the remaining multi-jet background528

is negligible.529

8.1. Control regions530

In order to estimate the backgrounds in a consistent and robust fashion, four control regions are defined531

for each of the signal regions for both searches. In the RJR-based search, a common set of CRs is used532

for all SRs in every targeted signal category (RJR-S, RJR-G or RJR-C). The CR selections are optimized533

to maintain the adequate statistical precision while minimizing the systematic uncertainties arising from534

the extrapolation of the CR event yield to estimate the background in the SR. This latter requirement is535

addressed through the use of CR jet pT thresholds and me↵(incl.) selections which match those used in536

the SR in the Me↵-based search, and as close as possible selections based on RJR variables to the ones537

used in SRs in the RJR-based search. The basic CR definitions in both searches are listed in Table 4.538

CR SR background CR process CR selection CR selection
(Me↵-based) (RJR-based)

Me↵/RJR-CR� Z(! ⌫⌫̄)+jets �+jets Isolated photon Isolated photon
Me↵/RJR-CRQ Multi-jet Multi-jet SR with reversed requirements on �QCD < 0

(i) ��(jet, Emiss
T )min and (ii) Emiss

T /me↵ (Nj) reversed requirement on
or Emiss

T /
p

HT H PP
1,1 (RJR-S/G)

or RISR < 0.5 (RJR-C)
Me↵/RJR-CRW W(! `⌫)+jets W(! `⌫)+jets 30 GeV< mT(`, Emiss

T ) < 100 GeV, b-veto
Me↵/RJR-CRT tt̄(+EW) and single top tt̄ ! bb̄qq0`⌫ 30 GeV< mT(`, Emiss

T ) < 100 GeV, b-tag

Table 4: Control regions used in both searches presented in this document. Also listed are the main targeted
background in the SR in each case, the process used to model the background, and the main CR requirement(s)
used to select this process. The transverse momenta of high-purity leptons (photons) used to select CR events must
exceed 27 (150) GeV. The jet pT thresholds and me↵(incl.) selections match those used in the corresponding SRs
of Me↵-based search. For the RJR-based search, selection based on the discriminating variables used for selecting
SR events is described in the text.
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Observe good agreement in most SRs
Observe some deviations from the predictions up to approximately 2.5σ
for the 4-jet and 6-jet regions with high Meff
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The fit to the CRs for each SR compensates for the di↵erences related to the overall normalization of the668

background seen in Figures 7 and 8, leading to good agreement between data and post-fit expectations669

in most of the the SRs. The most significant observed excess across the thirty signal regions for both670

searches, with a p-value for the background-only hypothesis of 0.01, corresponding to a significance of671

1.56 standard deviations, occurs in SR Me↵-6j-1800 (Table 7).672
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Figure 6: Comparison of the observed and expected event yields as a function of signal region in the (a) Me↵-
based and (b) RJR-based search. The background expectations are those obtained from the background-only fits,
presented in Table 7.
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Results in 0L final states with 2-6 jets: Meff analysis

Targeted signal g̃g̃, g̃ ! qq̄�̃0
1 g̃g̃, g̃ ! qq̄W�̃0

1

Requirement Meff-4j-2200 Meff-6j-1800
Njet � 4 6
Emiss

T [GeV] > 200 200
pT(j1) [GeV] > 200 200
pT(j4) [GeV] > 150 –
pT(j5) [GeV] > – –
pT(j6) [GeV] > – 50
|⌘(j1,...,n)| < 2.0 2.0
��(jet1�3, ~pT

miss)min > 0.4 0.4
��(jeti>3, ~pT

miss)min > 0.4 0.2
Aplanarity > 0.04 0.08
Emiss

T /Meff(Nj) > 0.2 0.15
Meff(incl.) [GeV] > 2200 1800
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Figure 6: Comparison of the observed and expected event yields as a function of signal region in the (a) Me↵-
based and (b) RJR-based search. The background expectations are those obtained from the background-only fits,
presented in Table 7.

3rd August 2016 – 12:24 27

Two all-hadronic SUSY Searches at 13 TeV Zero-lepton final states with 2-6 jets

Results in 0L final states with 2-6 jets: RJR analysis
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Figure 7: Observed me↵(incl.) distributions for the (a) Me↵-2j-0800, (b) Me↵-2j-1600, (c) Me↵-4j-1000, (d) Me↵-
4j-2200 and (e) Me↵-6j-1800 signal regions. The histograms denote the MC background expectations prior to the
fits described in the text, normalized to cross-section times integrated luminosity. The last bin includes the overflow.
The hatched (red) error bands denote the combined experimental, MC statistical and theoretical modelling uncer-
tainties. The arrows indicate the values at which the requirements on me↵(incl.) are applied. Expected distributions
for benchmark model points, normalized to NLO+NLL cross-section (Section 3) times integrated luminosity, are
also shown for comparison (masses in GeV).
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Figure 8: Observed H PP

T 2,1 distributions for the (a) RJR-S1a/b and (b) RJR-S3a/b signal regions, H PP
T 4,1 distributions

for the (c) RJR-G1a/b and (d) RJR-G3a/b signal regions, and p CM
TS distributions for the (e) RJR-C1 and (f) RJR-C5

signal regions, after applying all selection requirements except those on the plotted variable. The histograms denote
the MC background expectations prior to the fits described in the text, normalized to cross-section times integrated
luminosity. The last bin includes the overflow. The hatched (red) error bands denote the combined experimental,
MC statistical and theoretical modelling uncertainties. The arrows indicate the values at which the requirements on
the plotted variable are applied. When two arrows are shown, these correspond to the looser SR variation ‘a’ and the
tighter variation ‘b’. Expected distributions for benchmark model points, normalized to NLO+NLL cross-section
(Section 3) times integrated luminosity, are also shown for comparison (masses in GeV).
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Figure 9: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11, 16].

In Figure 10, limits are shown for pair-produced gluinos each decaying via an intermediate �̃±1 to two701
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gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11, 16].
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Figure 10: Exclusion limits for pair-produced gluinos each decaying via an intermediate (a) �̃±1 to two quarks, a
W boson and a �̃0

1 for models with a fixed m(�̃±1 ) = (m(g̃) + m(�̃0
1))/2 and varying values of m(g̃) and m(�̃0

1) and
(b) �̃0

2 to two quarks, a Z boson and a �̃0
1 for models with a fixed m(�̃0

1) = 1 GeV and varying values of m(g̃)
and m(�̃0

2). Exclusion limits are obtained by using the signal region with the best expected sensitivity at each
point. The blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the
1� excursions due to experimental and background-only theoretical uncertainties. Observed limits are indicated by
medium dark (maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained
by varying the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results (a)
are compared with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing
transverse momentum [11, 16]. Results (b) are compared with the observed limits obtained by the previous ATLAS
search in events containing a leptonically decaying Z boson, jets and missing transverse momentum [98].

11. Conclusion710

This document presents results of the two selection strategies to search for squarks and gluinos in final711

states containing high-pT jets, large missing transverse momentum but no electrons or muons, based on712

a 13.3 fb�1 dataset of
p

s = 13 TeV proton–proton collisions recorded by the ATLAS experiment at the713

LHC in 2015 and 2016.714

Results are interpreted in terms of simplified models with only light-flavour squarks, or gluinos, together715

with a neutralino LSP, with the masses of all the other SUSY particles set beyond the reach of the LHC.716

For a massless lightest neutralino, gluino masses below 1.86 TeV are excluded at the 95% confidence717

level in a simplified model with only gluinos and the lightest neutralino. For a simplified model involving718

the strong production of squarks of the first and second generations, with decays to a massless lightest719

neutralino, squark masses below 1.35 TeV are excluded, assuming mass-degenerate squarks. In simplified720

models with pair-produced gluinos, each decaying via an intermediate �̃±1 to two quarks, a W boson and a721

�̃0
1, gluino masses below 1.83 TeV are excluded for �̃0

1 masses up to ⇠ 400 GeV. In simplified models with722

pair-produced gluinos, each decaying via an intermediate �̃0
2 to two quarks, a Z boson and a �̃0

1, gluino723

masses of at least 1.65 TeV are excluded for �̃0
2 masses less than 1.2 TeV, and gluino mass limit reaches724

1.9 TeV for �̃0
2 masses of ⇠ 600 GeV. These results substantially extend the region of supersymmetric725

parameter space excluded by previous LHC searches.726
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Two all-hadronic SUSY Searches at 13 TeV Multi-b jet final states with 0 (& 1 lepton)

Search for multi-b jet final states with 4 b’s, 0 leptons (Gbb)
Just released for ICHEP! ATLAS-CONF-2016-052
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DRAFT

Criterion common to all Gbb regions: N jet � 4

Variable Signal region Control region Validation region

Criteria common
to all regions of the

same type

NCandidate Lepton = 0 � = 0

NSignal Lepton � = 1 �
��

4j
min > 0.4 � > 0.4

mT � < 150 �

Region A
(Large mass splitting)

pT
jet > 70 > 70 > 70

Nb-jets � 3 � 3 � 3

Emiss
T > 450 > 350 > 450

m4j
e� > 1900 > 1750 < 1900

Region B
(Small mass splitting)

pT
jet > 30 > 30 > 30

Nb-jets � 4 � 4 � 4

Emiss
T > 300 > 300 > 275

m4j
e� > 1000 > 1000 < 1000

Table 2: Definitions of the Gbb signal, control and validation regions. The unit of all kinematic variables is GeV
except ��4j

min, which is in radians. The jet pT requirement is also applied to b-tagged jets.

5.2 Background estimation and t t̄ control regions298

The largest background in all signal regions is tt̄ produced with additional high-pT jets. The other relevant299

backgrounds are tt̄W , tt̄ Z , tt̄tt̄, tt̄h, single-top, W+jets, Z+jets and diboson events. All of these smaller300

backgrounds are estimated with the simulated event samples normalized to the best available theory301

calculations described in Section 3. The multijet background is estimated to be negligible using data302

control regions with an upper cut on ��4j
min in the 0-lepton channel, and on mT in the 1-lepton channel.303

For each signal region, the tt̄ background is normalized in a dedicated control region. The tt̄ normalization304

factor required for the total predicted yield to match the data in the control region is used to normalize the305

tt̄ background in the corresponding signal region. The control regions are designed to be dominated by tt̄306

events and to have negligible signal contamination, while being kinematically as close as possible to the307

corresponding signal region. The latter requirement minimizes the systematic uncertainties associated308

with extrapolating the normalization factors from the control to the signal regions.309

The definitions of the control regions are shown next to the signal regions in Tables 2, 3 and 4 for the Gbb,310

Gtt 0-lepton and Gtt 1-lepton channels, respectively. In both the Gbb and Gtt 0-lepton channels, exactly311

one signal lepton is required. This is motivated by background composition studies using simulated events312

which show that semileptonic tt̄ events, for which the lepton is outside the acceptance or is a hadronically313

decaying ⌧-lepton, dominate the tt̄ yield in the signal regions. An upper cut on mT is then applied to314
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except ��4j

min, which is in radians. The jet pT requirement is also applied to b-tagged jets.
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backgrounds are estimated with the simulated event samples normalized to the best available theory301

calculations described in Section 3. The multijet background is estimated to be negligible using data302

control regions with an upper cut on ��4j
min in the 0-lepton channel, and on mT in the 1-lepton channel.303

For each signal region, the tt̄ background is normalized in a dedicated control region. The tt̄ normalization304

factor required for the total predicted yield to match the data in the control region is used to normalize the305

tt̄ background in the corresponding signal region. The control regions are designed to be dominated by tt̄306

events and to have negligible signal contamination, while being kinematically as close as possible to the307

corresponding signal region. The latter requirement minimizes the systematic uncertainties associated308

with extrapolating the normalization factors from the control to the signal regions.309

The definitions of the control regions are shown next to the signal regions in Tables 2, 3 and 4 for the Gbb,310

Gtt 0-lepton and Gtt 1-lepton channels, respectively. In both the Gbb and Gtt 0-lepton channels, exactly311

one signal lepton is required. This is motivated by background composition studies using simulated events312

which show that semileptonic tt̄ events, for which the lepton is outside the acceptance or is a hadronically313

decaying ⌧-lepton, dominate the tt̄ yield in the signal regions. An upper cut on mT is then applied to314

July 22, 2016 – 19:05 14

g̃

g̃
p

p

χ̃0
1

b

b

χ̃0
1

b

b

(+ additional selections on mT and leptons)
D. W. Miller (EFI, Chicago) Searches for SUSY in fully hadronic final states August 4, 2016 15 / 21

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-052/


Two all-hadronic SUSY Searches at 13 TeV Multi-b jet final states with 0 (& 1 lepton)

Search for multi-b jet final states with 4 tops, 0 leptons (Gtt)
Just released for ICHEP! ATLAS-CONF-2016-052
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DRAFT

Criteria common to all Gtt 0-lepton regions: pT
jet > 30 GeV, Nb-jets � 3

Variable Signal region Control region VR1L VR0L

NSignal Lepton = 0 = 1 = 1 = 0

N jet � 8 � 7 � 7 � 7

��
4j
min > 0.4 � � > 0.4

mb-jets
T,min > 80 � > 80 > 80

mT � < 150 < 150 �

Region A
(Large mass splitting)

Emiss
T > 400 > 250 > 200 > 300

mincl
e� > 2000 > 1750 > 1750 > 1300

M⌃J > 200 > 200 > 200 < 200

Region B
(Small mass splitting)

Emiss
T > 400 > 350 > 325 > 200

mincl
e� > 1500 > 1500 > 1500 > 1200

M⌃J > 150 > 150 > 150 < 150

Table 3: Definitions of the Gtt 0-lepton signal, control and validation regions. The unit of all kinematic variables is
GeV except ��4j

min, which is in radians. The jet pT requirement is also applied to b-tagged jets.

ensure orthogonality with the Gtt 1-lepton signal regions and to suppress signal contamination. The jet315

multiplicity requirement is reduced from eight to seven jets in the Gtt 0-lepton control regions to accept316

more events and to obtain a number of jets from top quark decay and parton shower similar to that in317

the signal region, since approximately half of the signal region events contain a hadronically decaying318

⌧-lepton that is counted as a jet. To ensure orthogonality to the Gtt 0-lepton control regions, events in319

the Gtt 1-lepton control regions are required to have exactly six jets. For all control regions, the number320

of b-tagged jets is consistent with the signal region. The requirements on Emiss
T and me� are, however,321

relaxed in the control regions to achieve a su�ciently large tt̄ yield and small signal contamination (.322

15%).323

5.3 Validation regions324

Validation regions are defined to cross-check the background prediction in regions that are kinematically325

close to the signal regions but yet have a small signal contamination. They are designed primarily to326

validate the extrapolation of the tt̄ normalization from the control regions to the signal regions. Their327

requirements are shown in the rightmost column(s) of Tables 2, 3 and 4 for the Gbb, Gtt 0-lepton and Gtt328

1-lepton channels, respectively. Their signal contamination is less than 30% for the majority of Gbb and329

Gtt model points not excluded by previous analyses.330

One validation region per signal region is defined for the Gbb model. They feature the same requirements331

as their corresponding signal region except that cuts on m4j
e� are reversed to reduce the signal contamination332
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Table 3: Definitions of the Gtt 0-lepton signal, control and validation regions. The unit of all kinematic variables is
GeV except ��4j

min, which is in radians. The jet pT requirement is also applied to b-tagged jets.
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⌧-lepton that is counted as a jet. To ensure orthogonality to the Gtt 0-lepton control regions, events in319

the Gtt 1-lepton control regions are required to have exactly six jets. For all control regions, the number320

of b-tagged jets is consistent with the signal region. The requirements on Emiss
T and me� are, however,321

relaxed in the control regions to achieve a su�ciently large tt̄ yield and small signal contamination (.322

15%).323

5.3 Validation regions324

Validation regions are defined to cross-check the background prediction in regions that are kinematically325

close to the signal regions but yet have a small signal contamination. They are designed primarily to326

validate the extrapolation of the tt̄ normalization from the control regions to the signal regions. Their327

requirements are shown in the rightmost column(s) of Tables 2, 3 and 4 for the Gbb, Gtt 0-lepton and Gtt328

1-lepton channels, respectively. Their signal contamination is less than 30% for the majority of Gbb and329

Gtt model points not excluded by previous analyses.330

One validation region per signal region is defined for the Gbb model. They feature the same requirements331

as their corresponding signal region except that cuts on m4j
e� are reversed to reduce the signal contamination332
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Two all-hadronic SUSY Searches at 13 TeV Multi-b jet final states with 0 (& 1 lepton)

Yields in all signal regions: 4b, 4 top 0L (& 1L)
Just released for ICHEP! ATLAS-CONF-2016-052
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No significant excess is found above the predicted background.
The background is dominated by t̄t events in all signal regions.
The subdominant contributions in the Gbb and Gtt 0-lepton signal
regions are Z(→ νν)+jets and W(→ `ν)+jets events
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Two all-hadronic SUSY Searches at 13 TeV Multi-b jet final states with 0 (& 1 lepton)

Results for the zero-lepton channel of gluino-mediated t̃/b̃
2015 paper released in May 2016 arXiv:1605.09318 (accepted in PRD)
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Significant improvement compared Run 1! → 450 GeV increase in
sensitivity!
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Two all-hadronic SUSY Searches at 13 TeV Multi-b jet final states with 0 (& 1 lepton)

Large effective mass and boosted top-quark candidate event

√
s = 13 TeV

Effective mass, mincl
eff = 1800 GeV. 3 b-tagged jets, 1 boosted top-candidate.
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Summary and Conclusions

Outline

1 Introduction to hadronic SUSY Searches at 13 TeV
SUSY at 13 TeV
Search strategies and observables employed

2 Two all-hadronic SUSY Searches at 13 TeV
Zero-lepton final states with 2-6 jets
Multi-b jet final states with (& 1 lepton)

3 Summary and Conclusions
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Summary and Conclusions

ATLAS has a robust and broad effort devoted to searching for SUSY in fully hadronic
final states, using new techniques, novel approaches to final state reconstruction, and a
holistic perspective on using various classes of observables for these searches.

Summary and conclusions

Completed the flagship jets+Emiss
T search

with the first 2016 data and significantly
extended the Run 1 and 2015 sensitivity
Implemented novel recursive jigsaw
reconstruction technique for partitioning
final state kinematics and constructing a
dynamic and discriminating basis of
event-level observables
Completed the dedicated search for 4 b
and 4 top SUSY processes using the total
jet mass observable, and extended limits
significantly

Thank you! 2016?
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Backup slides and additional information

Outline

4 Backup slides and additional information
Luminosity summary plots for 2016 pp data taking
Reminder of the ATLAS reconstruction procedure
Recursive Jigsaw Reconstruction Observables
Signal region definitions for 0L final states with 2-6 jets
Signal region definitions multi-b jet final states with 0 leptons

D. W. Miller (EFI, Chicago) Searches for SUSY in fully hadronic final states August 4, 2016 1 / 13



Backup slides and additional information

Additional Material
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Backup slides and additional information

Outline

4 Backup slides and additional information
Luminosity summary plots for 2016 pp data taking
Reminder of the ATLAS reconstruction procedure
Recursive Jigsaw Reconstruction Observables
Signal region definitions for 0L final states with 2-6 jets
Signal region definitions multi-b jet final states with 0 leptons
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Backup slides and additional information Luminosity summary plots for 2016 pp data taking

Luminosity summary plots for 2016 pp data taking
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Public luminosity results for Run 2

Results related to ATLAS luminosity measurements in Run 2 are given.
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Backup slides and additional information Reminder of the ATLAS reconstruction procedure

Quick reminder of the foundations of jet reconstruction
1 Measure calorimeter

noise (arXiv:1510.03823)

2 Build a seeded
nearest-neighbor
cluster using the noise
estimates (including
pile-up) to define a
significance (E/σ)

3 Obtain a set of 3D
topo-clusters
(potentially also
calibrated to the
hadronic scale)

4 Use as input to
calorimeter-based jet
reconstruction

Of course, can also use
tracks, truth particles!

1. Calorimeter noise (σ)
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3. Obtain 3D topo-clusters 4. Use as input for calo-jet
reconstruction (fig from arXiv:1510.05821)
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Backup slides and additional information Recursive Jigsaw Reconstruction Observables

Recursive Jigsaw Reconstruction Observables (I)
To select signal events in models with squark-pair production, the following
variables are used:

HPP
1,1 → scale variable, similar to ~pT

miss.

HPP
T 2,1→ transverse scale variable, similar to effective mass, Meff for

squark-pair production signals with two-jet final states.
HPP

1,1/HPP
2,1→ provides additional information in testing the balance of the

information provided by the two scale cuts, where in the denominator the
HPP

2,1 is no longer solely transverse. This provides a handle against
imbalanced events where the large scale is dominated by a particular
object pT or by high ~pT

miss.
plab

z /(plab
z + HPP

T 2,1)→ compares the z-momentum of the lab frame to the
overall transverse scale variable considered. This variable tests for
significant boost in the z direction.
pPP

Tj2/HPP
T 2,1→ represents the fraction of the overall scale variable that is

due to the second highest pT jet (in the PP frame) in the event.
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Recursive Jigsaw Reconstruction Observables (II)
For signal topologies with higher jet multiplicities, there is the option to exploit the internal
structure of the hemispheres by using a decay tree with an additional decay. For gluino-pair
production, the variables used by this search are:

HPP
T 4,1→ analogous to the transverse scale variable HPP

T 2,1 for the squark search but more
appropriate for four-jet final states expected from gluino-pair production.
HPP

1,1/HPP
4,1 → analogous to HPP

1,1/HPP
2,1 for the squark search.

HPP
T 4,1/HPP

4,1 → a measure of the fraction of the momentum that lies in the transverse plane.
plab

z /(plab
z + HPP

T 4,1)→ analogous to plab
z /(plab

z + HPP
T 2,1) above.

min (pPP
Tj2i/HPP

T 2,1i)→ represents the fraction of a hemisphere’s overall scale due to the
second highest pT jet (in the PP frame) in each hemisphere. The minimum value between the
two hemispheres is used.
max (HPi

1,0/HPi
2,0)→ testing balance of solely the jets momentum in a given hemisphere

allows an additional handle against a small but pernicious subset of events.

|
2
3

∆φPP
V,P−

1
3

cos θP|→ constructed from the difference between the azimuthal angle between
the V and P frames, evaluated in the PP frame and the polar angle of that parent particle. The
difference between these two angular properties highlights events where the missing
transverse momentum is imbalanced between hemispheres (e.g. semileptonic t̄t decays
where the lepton is reconstructed as a jet). This variable exploits the fact that signal events
tend to be more “spherical” to efficiently suppress these pernicious background sources.
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Recursive Jigsaw Reconstruction Observables (III)
Assuming a distinct ISR boost, the model decay tree for ISR yields a slightly
different set of variables:

|pISR
TS | → the magnitude of the vector-summed transverse momenta of all

ISR-associated jets evaluated in the CM frame.

RISR ≡ ~p CM
I · p̂ CM

TS /p CM
TS → serves as a proxy for m~χ/m~p. → This is the

fraction of the boost of the S system that is carried by its invisible system
I. As the |pISR

TS | is increased it becomes increasingly hard for
backgrounds to possess a large value in this ratio - a feature exhibited by
compressed signals.

MTS→ the transverse mass of the S system.

NV
jet→ number of jets assigned to the visible system (V) and not

associated with the ISR system.

∆φISR,I→ This is the opening angle between the ISR system and the
invisible system in the lab frame.
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Backup slides and additional information Signal region definitions for 0L final states with 2-6 jets

Signal region definitions for Meff search
Just released for ICHEP! ATLAS-CONF-2016-078
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DRAFT

Targeted signal q̃q̃, q̃! q�̃0
1

Requirement
Signal Region

Me↵-2j-800 Me↵-2j-1200 Me↵-2j-1600 Me↵-2j-2000 Me↵-3j-1200
Emiss

T [GeV] > 250

pT( j1) [GeV] > 200 250 600

pT( j2) [GeV] > 200 250 50

pT( j3) [GeV] > – 50

|⌘( j1,2)| < 0.8 1.2 –

��(jet1,2,(3), Emiss
T )min > 0.8 0.4

��(jeti>3, Emiss
T )min > 0.4 0.2

Emiss
T /
p

HT [GeV1/2] > 14 16 18 20 16

me↵(incl.) [GeV] > 800 1200 1600 2000 1200

Targeted signal g̃g̃, g̃! qq̄�̃0
1

Requirement
Signal Region

Me↵-4j-1000 Me↵-4j-1400 Me↵-4j-1800 Me↵-4j-2200 Me↵-4j-2600 Me↵-5j-1400
Emiss

T [GeV] > 250

pT( j1) [GeV] > 200 500

pT( j4) [GeV] > 100 150 50

pT( j5) [GeV] > – 50

|⌘( j1,2,3,4)| < 1.2 2.0 –

��(jet1,2,(3), Emiss
T )min > 0.4

��(jeti>3, Emiss
T )min > 0.4 0.2

Aplanarity > 0.04 –

Emiss
T /me↵(Nj) > 0.25 0.2 0.3

me↵(incl.) [GeV] > 1000 1400 1800 2200 2600 1400

Targeted signal g̃g̃, g̃! qq̄W�̃0
1

Requirement
Signal Region

Me↵-6j-1800 Me↵-6j-2200
Emiss

T [GeV] > 250

pT( j1) [GeV] > 200

pT( j6) [GeV] > 50 100

|⌘( j1,...,6)| < 2.0 –

��(jet1,2,(3), Emiss
T )min > 0.4

��(jeti>3, Emiss
T )min > 0.2

Aplanarity > 0.08

Emiss
T /me↵(Nj) > 0.2 0.15

me↵(incl.) [GeV] > 1800 2200

Table 2: Selection criteria and targeted signal model used to define signal regions in the Me↵-based search, in-
dicated by the prefix ‘Me↵’. Each SR is labelled with the inclusive jet multiplicity considered (‘2j’, ‘3j’ etc.)
together with the degree of background rejection. The latter is denoted by the value corresponding to the me↵
cut. The Emiss

T /me↵(Nj) cut in any Nj-jet channel uses a value of me↵ constructed from only the leading Nj jets
(me↵(Nj)). However, the final me↵(incl.) selection, which is used to define the signal regions, includes all jets with
pT > 50 GeV.
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DRAFT

Targeted signal q̃q̃, q̃! q�̃0
1

Requirement
Signal Region

Me↵-2j-800 Me↵-2j-1200 Me↵-2j-1600 Me↵-2j-2000 Me↵-3j-1200
Emiss

T [GeV] > 250

pT( j1) [GeV] > 200 250 600

pT( j2) [GeV] > 200 250 50

pT( j3) [GeV] > – 50

|⌘( j1,2)| < 0.8 1.2 –

��(jet1,2,(3), Emiss
T )min > 0.8 0.4

��(jeti>3, Emiss
T )min > 0.4 0.2

Emiss
T /
p

HT [GeV1/2] > 14 16 18 20 16

me↵(incl.) [GeV] > 800 1200 1600 2000 1200

Targeted signal g̃g̃, g̃! qq̄�̃0
1

Requirement
Signal Region

Me↵-4j-1000 Me↵-4j-1400 Me↵-4j-1800 Me↵-4j-2200 Me↵-4j-2600 Me↵-5j-1400
Emiss

T [GeV] > 250

pT( j1) [GeV] > 200 500

pT( j4) [GeV] > 100 150 50

pT( j5) [GeV] > – 50

|⌘( j1,2,3,4)| < 1.2 2.0 –

��(jet1,2,(3), Emiss
T )min > 0.4

��(jeti>3, Emiss
T )min > 0.4 0.2

Aplanarity > 0.04 –

Emiss
T /me↵(Nj) > 0.25 0.2 0.3

me↵(incl.) [GeV] > 1000 1400 1800 2200 2600 1400

Targeted signal g̃g̃, g̃! qq̄W�̃0
1

Requirement
Signal Region

Me↵-6j-1800 Me↵-6j-2200
Emiss

T [GeV] > 250

pT( j1) [GeV] > 200

pT( j6) [GeV] > 50 100

|⌘( j1,...,6)| < 2.0 –

��(jet1,2,(3), Emiss
T )min > 0.4

��(jeti>3, Emiss
T )min > 0.2

Aplanarity > 0.08

Emiss
T /me↵(Nj) > 0.2 0.15

me↵(incl.) [GeV] > 1800 2200

Table 2: Selection criteria and targeted signal model used to define signal regions in the Me↵-based search, in-
dicated by the prefix ‘Me↵’. Each SR is labelled with the inclusive jet multiplicity considered (‘2j’, ‘3j’ etc.)
together with the degree of background rejection. The latter is denoted by the value corresponding to the me↵
cut. The Emiss

T /me↵(Nj) cut in any Nj-jet channel uses a value of me↵ constructed from only the leading Nj jets
(me↵(Nj)). However, the final me↵(incl.) selection, which is used to define the signal regions, includes all jets with
pT > 50 GeV.
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DRAFT

Targeted signal q̃q̃, q̃! q�̃0
1

Requirement
Signal Region

Me↵-2j-800 Me↵-2j-1200 Me↵-2j-1600 Me↵-2j-2000 Me↵-3j-1200
Emiss

T [GeV] > 250

pT( j1) [GeV] > 200 250 600

pT( j2) [GeV] > 200 250 50

pT( j3) [GeV] > – 50

|⌘( j1,2)| < 0.8 1.2 –

��(jet1,2,(3), Emiss
T )min > 0.8 0.4

��(jeti>3, Emiss
T )min > 0.4 0.2

Emiss
T /
p

HT [GeV1/2] > 14 16 18 20 16

me↵(incl.) [GeV] > 800 1200 1600 2000 1200

Targeted signal g̃g̃, g̃! qq̄�̃0
1

Requirement
Signal Region

Me↵-4j-1000 Me↵-4j-1400 Me↵-4j-1800 Me↵-4j-2200 Me↵-4j-2600 Me↵-5j-1400
Emiss

T [GeV] > 250

pT( j1) [GeV] > 200 500

pT( j4) [GeV] > 100 150 50

pT( j5) [GeV] > – 50

|⌘( j1,2,3,4)| < 1.2 2.0 –

��(jet1,2,(3), Emiss
T )min > 0.4

��(jeti>3, Emiss
T )min > 0.4 0.2

Aplanarity > 0.04 –

Emiss
T /me↵(Nj) > 0.25 0.2 0.3

me↵(incl.) [GeV] > 1000 1400 1800 2200 2600 1400

Targeted signal g̃g̃, g̃! qq̄W�̃0
1

Requirement
Signal Region

Me↵-6j-1800 Me↵-6j-2200
Emiss

T [GeV] > 250

pT( j1) [GeV] > 200

pT( j6) [GeV] > 50 100

|⌘( j1,...,6)| < 2.0 –

��(jet1,2,(3), Emiss
T )min > 0.4

��(jeti>3, Emiss
T )min > 0.2

Aplanarity > 0.08

Emiss
T /me↵(Nj) > 0.2 0.15

me↵(incl.) [GeV] > 1800 2200

Table 2: Selection criteria and targeted signal model used to define signal regions in the Me↵-based search, in-
dicated by the prefix ‘Me↵’. Each SR is labelled with the inclusive jet multiplicity considered (‘2j’, ‘3j’ etc.)
together with the degree of background rejection. The latter is denoted by the value corresponding to the me↵
cut. The Emiss

T /me↵(Nj) cut in any Nj-jet channel uses a value of me↵ constructed from only the leading Nj jets
(me↵(Nj)). However, the final me↵(incl.) selection, which is used to define the signal regions, includes all jets with
pT > 50 GeV.
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Backup slides and additional information Signal region definitions for 0L final states with 2-6 jets

Signal region definitions for Recursive Jigsaw search
Just released for ICHEP! ATLAS-CONF-2016-078
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DRAFT

• the normalized angle between this jet system and the vectoral sum of it and the Emiss
T system.511

The selection criteria of the resulting seventeen signal regions is summarized in Table 3. All signal regions512

corresponding to the RJR-based search have ‘RJR’ prefix.513

Targeted signal q̃q̃, q̃! q�̃0
1

Requirement
Signal Region

RJR-S1 RJR-S2 RJR-S3
H PP

1,1 /H
PP

2,1 � 0.6 0.55 0.5
H PP

1,1 /H
PP

2,1  0.95 0.96 0.98
p lab

PP, z/
⇣
p lab

PP, z + H PP
T 2,1

⌘
 0.5 0.55 0.6

p PP
j2, T/H

PP
T 2,1 � 0.16 0.15 0.13
�QCD > 0.001

RJR-S1a RJR-S1b RJR-S2a RJR-S2b RJR-S3a RJR-S3b
H PP

T 2,1 [GeV] > 1000 1200 1400 1600 1800 2000
H PP

1,1 [GeV] > 1000 1400 1600

Targeted signal g̃g̃, g̃! qq̄�̃0
1

Requirement
Signal Region

RJR-G1 RJR-G2 RJR-G3
H PP

1,1 /H
PP

4,1 � 0.35 0.25 0.2
H PP

T 4,1/H
PP

4,1 � 0.8 0.75 0.65
p lab

PP, z/
⇣
p lab

PP, z + H PP
T 4,1

⌘
 0.5 0.55 0.6

min
⇣
p PP

j2 T i/H
PP

T 2,1 i

⌘
� 0.12 0.1 0.08

max
⇣
H Pi

1, 0/H
Pi
2, 0

⌘
 0.95 0.97 0.98

| 23��PP
V,P � 1

3 cos ✓p|  0.5 –
�QCD > 0

RJR-G1a RJR-G1b RJR-G2a RJR-G2b RJR-G3a RJR-G3b
H PP

T 4,1 [GeV] > 1000 1200 1500 1900 2300 2800
H PP

1,1 [GeV] > 600 800 900

Targeted signal compressed spectra in q̃q̃ (q̃! q�̃0
1); g̃g̃ (g̃! qq̄�̃0

1)

Requirement
Signal Region

RJR-C1 RJR-C2 RJR-C3 RJR-C4 RJR-C5
RISR � 0.9 0.85 0.8 0.75 0.70

��ISR, I � 3.1 3.07 2.95 2.95 2.95
��(jet1,2, Emiss

T )min > - - - 0.4 0.4
MTS [GeV] � 100 100 200 500 500
p CM

TS [GeV] � 800 800 600 600 600
N V

jet � 1 1 2 2 3

Table 3: Selection criteria and targeted signal model used to define signal regions in the RJR-based search, indicated
by the prefix ‘RJR’. Each SR is labelled with the targeted SUSY particle or the targeted region of parameter space,
such that ‘S’, ‘G’ and ‘C’ denote regions searching for squark-, gluino-pair production, or compressed spectra,
respectively.
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• the normalized angle between this jet system and the vectoral sum of it and the Emiss
T system.511

The selection criteria of the resulting seventeen signal regions is summarized in Table 3. All signal regions512

corresponding to the RJR-based search have ‘RJR’ prefix.513

Targeted signal q̃q̃, q̃! q�̃0
1

Requirement
Signal Region

RJR-S1 RJR-S2 RJR-S3
H PP

1,1 /H
PP

2,1 � 0.6 0.55 0.5
H PP

1,1 /H
PP

2,1  0.95 0.96 0.98
p lab

PP, z/
⇣
p lab

PP, z + H PP
T 2,1

⌘
 0.5 0.55 0.6

p PP
j2, T/H

PP
T 2,1 � 0.16 0.15 0.13
�QCD > 0.001

RJR-S1a RJR-S1b RJR-S2a RJR-S2b RJR-S3a RJR-S3b
H PP

T 2,1 [GeV] > 1000 1200 1400 1600 1800 2000
H PP

1,1 [GeV] > 1000 1400 1600

Targeted signal g̃g̃, g̃! qq̄�̃0
1

Requirement
Signal Region

RJR-G1 RJR-G2 RJR-G3
H PP

1,1 /H
PP

4,1 � 0.35 0.25 0.2
H PP

T 4,1/H
PP

4,1 � 0.8 0.75 0.65
p lab

PP, z/
⇣
p lab

PP, z + H PP
T 4,1

⌘
 0.5 0.55 0.6

min
⇣
p PP

j2 T i/H
PP

T 2,1 i

⌘
� 0.12 0.1 0.08

max
⇣
H Pi

1, 0/H
Pi
2, 0

⌘
 0.95 0.97 0.98

| 23��PP
V,P � 1

3 cos ✓p|  0.5 –
�QCD > 0

RJR-G1a RJR-G1b RJR-G2a RJR-G2b RJR-G3a RJR-G3b
H PP

T 4,1 [GeV] > 1000 1200 1500 1900 2300 2800
H PP

1,1 [GeV] > 600 800 900

Targeted signal compressed spectra in q̃q̃ (q̃! q�̃0
1); g̃g̃ (g̃! qq̄�̃0

1)

Requirement
Signal Region

RJR-C1 RJR-C2 RJR-C3 RJR-C4 RJR-C5
RISR � 0.9 0.85 0.8 0.75 0.70

��ISR, I � 3.1 3.07 2.95 2.95 2.95
��(jet1,2, Emiss

T )min > - - - 0.4 0.4
MTS [GeV] � 100 100 200 500 500
p CM

TS [GeV] � 800 800 600 600 600
N V

jet � 1 1 2 2 3

Table 3: Selection criteria and targeted signal model used to define signal regions in the RJR-based search, indicated
by the prefix ‘RJR’. Each SR is labelled with the targeted SUSY particle or the targeted region of parameter space,
such that ‘S’, ‘G’ and ‘C’ denote regions searching for squark-, gluino-pair production, or compressed spectra,
respectively.
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• the normalized angle between this jet system and the vectoral sum of it and the Emiss
T system.511

The selection criteria of the resulting seventeen signal regions is summarized in Table 3. All signal regions512

corresponding to the RJR-based search have ‘RJR’ prefix.513

Targeted signal q̃q̃, q̃! q�̃0
1

Requirement
Signal Region

RJR-S1 RJR-S2 RJR-S3
H PP

1,1 /H
PP

2,1 � 0.6 0.55 0.5
H PP

1,1 /H
PP

2,1  0.95 0.96 0.98
p lab

PP, z/
⇣
p lab

PP, z + H PP
T 2,1

⌘
 0.5 0.55 0.6

p PP
j2, T/H

PP
T 2,1 � 0.16 0.15 0.13
�QCD > 0.001

RJR-S1a RJR-S1b RJR-S2a RJR-S2b RJR-S3a RJR-S3b
H PP

T 2,1 [GeV] > 1000 1200 1400 1600 1800 2000
H PP

1,1 [GeV] > 1000 1400 1600

Targeted signal g̃g̃, g̃! qq̄�̃0
1

Requirement
Signal Region

RJR-G1 RJR-G2 RJR-G3
H PP

1,1 /H
PP

4,1 � 0.35 0.25 0.2
H PP

T 4,1/H
PP

4,1 � 0.8 0.75 0.65
p lab

PP, z/
⇣
p lab

PP, z + H PP
T 4,1

⌘
 0.5 0.55 0.6

min
⇣
p PP

j2 T i/H
PP

T 2,1 i

⌘
� 0.12 0.1 0.08

max
⇣
H Pi

1, 0/H
Pi
2, 0

⌘
 0.95 0.97 0.98

| 23��PP
V,P � 1

3 cos ✓p|  0.5 –
�QCD > 0

RJR-G1a RJR-G1b RJR-G2a RJR-G2b RJR-G3a RJR-G3b
H PP

T 4,1 [GeV] > 1000 1200 1500 1900 2300 2800
H PP

1,1 [GeV] > 600 800 900

Targeted signal compressed spectra in q̃q̃ (q̃! q�̃0
1); g̃g̃ (g̃! qq̄�̃0

1)

Requirement
Signal Region

RJR-C1 RJR-C2 RJR-C3 RJR-C4 RJR-C5
RISR � 0.9 0.85 0.8 0.75 0.70

��ISR, I � 3.1 3.07 2.95 2.95 2.95
��(jet1,2, Emiss

T )min > - - - 0.4 0.4
MTS [GeV] � 100 100 200 500 500
p CM

TS [GeV] � 800 800 600 600 600
N V

jet � 1 1 2 2 3

Table 3: Selection criteria and targeted signal model used to define signal regions in the RJR-based search, indicated
by the prefix ‘RJR’. Each SR is labelled with the targeted SUSY particle or the targeted region of parameter space,
such that ‘S’, ‘G’ and ‘C’ denote regions searching for squark-, gluino-pair production, or compressed spectra,
respectively.
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Backup slides and additional information Signal region definitions multi-b jet final states 0 leptons

Signal regions for multi-b jet final states with 0L
Just released for ICHEP! ATLAS-CONF-2016-052

Criterion common to all Gbb regions: N jet � 4

Variable Signal region Control region Validation region

Criteria common
to all regions of the

same type

NCandidate Lepton = 0 � = 0

NSignal Lepton � = 1 �
��

4j
min > 0.4 � > 0.4

mT � < 150 �

Region A
(Large mass splitting)

pT
jet > 70 > 70 > 70

Nb-jets � 3 � 3 � 3

Emiss
T > 450 > 350 > 450

m4j
e� > 1900 > 1750 < 1900

Region B
(Small mass splitting)

pT
jet > 30 > 30 > 30

Nb-jets � 4 � 4 � 4

Emiss
T > 300 > 300 > 275

m4j
e� > 1000 > 1000 < 1000

Table 2: Definitions of the Gbb signal, control and validation regions. The unit of all kinematic variables is GeV
except ��4j

min, which is in radians. The jet pT requirement is also applied to b-tagged jets.

additional cut on M⌃J , while the requirement on the number of b-jets has been increased to four in the low
mass splitting region C to maintain su�cient background rejection despite the softer kinematic cuts.

5.2 Background estimation and t t̄ control regions

The largest background in all signal regions is tt̄ produced with additional high-pT jets. The other relevant
backgrounds are tt̄W , tt̄ Z , tt̄tt̄, tt̄h, single-top, W+jets, Z+jets and diboson events. All of these smaller
backgrounds are estimated with the simulated event samples normalized to the best available theory
calculations described in Section 3. The multijet background is estimated to be negligible using data
control regions with an upper cut on ��4j

min in the 0-lepton channel, and on mT in the 1-lepton channel.

For each signal region, the tt̄ background is normalized in a dedicated control region. The tt̄ normalization
factor required for the total predicted yield to match the data in the control region is used to normalize the
tt̄ background in the corresponding signal region. The control regions are designed to be dominated by tt̄
events and to have negligible signal contamination, while being kinematically as close as possible to the
corresponding signal region. The latter requirement minimizes the systematic uncertainties associated
with extrapolating the normalization factors from the control to the signal regions.

The definitions of the control regions are shown next to the signal regions in Tables 2, 3 and 4 for the Gbb,
Gtt 0-lepton and Gtt 1-lepton channels, respectively. In both the Gbb and Gtt 0-lepton channels, exactly
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Signal regions for multi-b jet final states with 0L
Just released for ICHEP! ATLAS-CONF-2016-052

Criteria common to all Gtt 0-lepton regions: pT
jet > 30 GeV, Nb-jets � 3

Variable Signal region Control region VR1L VR0L

Criteria common
to all regions of the

same type

NSignal Lepton = 0 = 1 = 1 = 0

��
4j
min > 0.4 � � > 0.4

mb-jets
T,min > 80 � > 80 > 80

mT � < 150 < 150 �

Region A
(Large mass splitting)

N jet � 8 � 7 � 7 � 6

Emiss
T > 400 > 250 > 200 > 300

mincl
e� > 2000 > 1750 > 1750 > 1300

M⌃J > 200 > 200 > 200 < 200

Region B
(Small mass splitting)

N jet � 8 � 7 � 7 � 7

Emiss
T > 400 > 400 > 325 2 (300, 400)

mincl
e� > 1250 > 1250 > 1250 > 1200

Table 3: Definitions of the Gtt 0-lepton signal, control and validation regions. The unit of all kinematic variables is
GeV except ��4j

min, which is in radians. The jet pT requirement is also applied to b-tagged jets.

one signal lepton is required. This is motivated by background composition studies using simulated events
which show that semileptonic tt̄ events, for which the lepton is outside the acceptance or is a hadronically
decaying ⌧-lepton, dominate the tt̄ yield in the signal regions. An upper cut on mT is then applied to
ensure orthogonality with the Gtt 1-lepton signal regions and to suppress signal contamination. The jet
multiplicity requirement is reduced from eight to seven jets in the Gtt 0-lepton control regions to accept
more events and to obtain a number of jets from top quark decay and parton shower similar to that in
the signal region, since approximately half of the signal region events contain a hadronically decaying
⌧-lepton that is counted as a jet. To ensure orthogonality to the Gtt 0-lepton control regions, events in
the Gtt 1-lepton control regions are required to have exactly six jets. For all control regions, the number
of b-tagged jets is consistent with the signal region. The requirements on Emiss

T and me� are, however,
relaxed in the control regions to achieve a su�ciently large tt̄ yield and small signal contamination (.
15%).

5.3 Validation regions

Validation regions are defined to cross-check the background prediction in regions that are kinematically
close to the signal regions but yet have a small signal contamination. They are designed primarily to
validate the extrapolation of the tt̄ normalization from the control regions to the signal regions. Their
requirements are shown in the rightmost column(s) of Tables 2, 3 and 4 for the Gbb, Gtt 0-lepton and Gtt
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Signal regions for multi-b jet final states with 0L
Just released for ICHEP! ATLAS-CONF-2016-052

Criteria common to all Gtt 1-lepton regions: � 1 signal lepton, pT
jet > 30 GeV

Variable Signal region Control region VR-mT VR-mb-jets
T,min

Region A
(Large mass

splitting)

N jet � 6 = 6 � 5 � 6

Nb-jets � 3 � 3 � 3 � 3

mT > 200 < 200 > 200 < 200

mb-jets
T,min > 120 � � > 120

Emiss
T > 200 > 200 > 200 > 200

mincl
e� > 2000 > 1500 > 1350 > 1500

M⌃J > 200 > 200 < 200 > 200

Region B
(Moderate mass

splitting)

N jet � 6 = 6 � 5 � 6

Nb-jets � 3 � 3 � 3 � 3

mT > 200 < 200 > 200 < 200

mb-jets
T,min > 120 � � > 120

Emiss
T > 350 > 300 > 250 > 300

mincl
e� > 1500 > 1250 > 1100 > 1500

M⌃J > 150 > 150 < 150 > 150

Region C
(Small mass

splitting)

N jet � 6 = 6 � 6 � 6

Nb-jets � 4 � 4 � 3 � 4

mT > 150 < 150 > 150 < 150

mb-jets
T,min > 80 � < 80 > 80

Emiss
T > 200 > 200 > 200 > 200

mincl
e� > 500 > 500 > 500 > 500

Table 4: Definitions of the Gtt 1-lepton signal, control and validation regions. The unit of all kinematic variables is
GeV. The jet pT requirement is also applied to b-tagged jets.

1-lepton channels, respectively. Their signal contamination is less than 30% for the majority of Gbb and
Gtt model points not excluded by previous analyses.

One validation region per signal region is defined for the Gbb model. They feature the same requirements
as their corresponding signal region except that cuts on m4j

e� are reversed to reduce the signal contamination
and ensure orthogonality with the signal regions. In addition the requirement on Emiss

T is relaxed in region
B to obtain a su�cient tt̄ yield.
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