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SUSY – Patching the Standard Model
• The physics we want ...

– Particle dark matter
– Unification of forces
– Solution to the

hierarchy problem
– More CPV

• The physics we need ... (as a start)
– Standard Model-compatible (e.g. Higgs)
– Light sleptons/squarks (3rd generation)

• The models we look for ...
– Simplified Models
– RPC/RPV
– pMSSM
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“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin

1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale MP = (8πGNewton)−1/2 =
2.4 × 1018 GeV, where quantum gravitational effects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a difficulty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This occurs if λ > 0 and m2
H < 0, resulting in ⟨H⟩ =

√
−m2

H/2λ. We know
experimentally that ⟨H⟩ is approximately 174 GeV from measurements of the properties of the weak
interactions. The 2012 discovery [2]-[4] of the Higgs boson with a mass near 125 GeV implies that,
assuming the Standard Model is correct as an effective field theory, λ = 0.126 and m2

H = −(92.9 GeV)2.
(These are running MS parameters evaluated at a renormalization scale equal to the top-quark mass,
and include the effects of 2-loop corrections.) The problem is that m2

H receives enormous quantum
corrections from the virtual effects of every particle or other phenomenon that couples, directly or
indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = − |λf |2

8π2
Λ2
UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.

H

f

(a)

S

H

(b)
Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2

H , due to (a) a
Dirac fermion f , and (b) a scalar S.
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(a) (b) (c)

(d) (e) (f) (g)

Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production in the sim-
plified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

prescription [55]. In the case of W/Z+jets, the NNPDF3.0NNLO PDF set [56] is used, while for the
�+jets production the CT10 PDF set [57] is used, both in conjunction with dedicated parton shower-
tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their NNLO cross-
sections [58]. For the �+jets process the LO cross-section, taken directly from the SherpaMC generator,
is multiplied by a correction factor as described in Section 8.

For the generation of tt̄ and single-top processes in the Wt and s-channel [59], the Powheg-Box v2 [60]
generator is used with the CT10 PDF set. The electroweak (EV) t-channel single-top events are modelled
using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [57]. For these processes, the
decay of the top quark is simulated using MadSpin [61] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[62] with the CTEQ6L1 [63] PDF set and the corresponding Perugia 2012 tune (P2012) [64]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this parameter is
to regulate the high-pT emission against which the tt̄ system recoils [59]. The tt̄ events are normalized to
cross-sections calculated at NNLO+NNLL [65, 66] cross-section. The s- and t-channel single-top events
are normalized to the NLO cross-sections [67, 68], and the Wt-channel single-top events are normalized
to the NNLO+NNLL [69, 70]. Production of a top quark in association with a Z boson is generated
with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
corresponding P2012 tune is used for the parton shower, fragmentation, and the underlying event with
Pythia 6.428. The events are normalized to LO cross section by the generator.

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [71], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one
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ATLAS – Our Scope for Spotting SUSY
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SUSY Searches at ATLAS – Status Quo
• ATLAS‘ rich SUSY physics program searches for...

– ... (1st/2nd generation) squarks and gluinos
– ... 3rd generation squarks
– ... electro-weak gauginos
– ... (1st/2nd generation) sleptons
– ... 3rd generation sleptons
– ... long-lived sparticles (e.g. charginos, R-hadrons)
– ...

• All public results are here
• Focus on two searches:

– 0L-(2-6)Jets, strong for inclusive squark/gluino searches
– Stop-2L, strong for direct stop production

27/07/2017 QFTHEP 2017 -- Oliver Ricken
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SUSY Searches at ATLAS – Status Quo

27/07/2017 QFTHEP 2017 -- Oliver Ricken
5

ht
tp

s:
//t

w
ik

i.c
er

n.
ch

/tw
ik

i/b
in

/v
ie

w
/A

tla
sP

ub
lic

/S
up

er
sy

m
m

et
ry

Pu
bl

ic
R

es
ul

ts



SUSY Searches at ATLAS – Status Quo

27/07/2017 QFTHEP 2017 -- Oliver Ricken
6

17 SUSY
CONF Notes
in 2017,
focus on two
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0L-Search – Pure Hadronic LHC-Power

• Simplified Models + pMSSM (17+2)
• Two analysis approaches:

– meff-based search
– Recursive Jigsaw Reconstruction (RJR)

27/07/2017 QFTHEP 2017 -- Oliver Ricken
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Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production in the sim-
plified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

prescription [55]. In the case of W/Z+jets, the NNPDF3.0NNLO PDF set [56] is used, while for the
�+jets production the CT10 PDF set [57] is used, both in conjunction with dedicated parton shower-
tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their NNLO cross-
sections [58]. For the �+jets process the LO cross-section, taken directly from the SherpaMC generator,
is multiplied by a correction factor as described in Section 8.

For the generation of tt̄ and single-top processes in the Wt and s-channel [59], the Powheg-Box v2 [60]
generator is used with the CT10 PDF set. The electroweak (EV) t-channel single-top events are modelled
using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [57]. For these processes, the
decay of the top quark is simulated using MadSpin [61] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[62] with the CTEQ6L1 [63] PDF set and the corresponding Perugia 2012 tune (P2012) [64]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this parameter is
to regulate the high-pT emission against which the tt̄ system recoils [59]. The tt̄ events are normalized to
cross-sections calculated at NNLO+NNLL [65, 66] cross-section. The s- and t-channel single-top events
are normalized to the NLO cross-sections [67, 68], and the Wt-channel single-top events are normalized
to the NNLO+NNLL [69, 70]. Production of a top quark in association with a Z boson is generated
with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
corresponding P2012 tune is used for the parton shower, fragmentation, and the underlying event with
Pythia 6.428. The events are normalized to LO cross section by the generator.

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [71], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one
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0L-Search – Setup
• Signal regions:

– 24, not fully orthogonal

• Control regions:
– obtain bkg. Normalisation
– fit V+Jets, Top, Multijets

• Validation regions
– Validate fit results

• Model-independent limit:
– Probe agreement of background expectation and data in SRs
– Set limit on number of BSM events

• Model-dependent limit:
– Test model-based signal + background predictions in SRs
– Derive exclusions of parameters

27/07/2017 QFTHEP 2017 -- Oliver Ricken
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0L-Search – Control Regions
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0L-Search – Signal Regions

• No observed excess across full analysis
• Set upper limits

àexcluded visible cross-section O(0.1) to O(2.0) fb
27/07/2017 QFTHEP 2017 -- Oliver Ricken
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Figure 12: Comparison of the observed and expected event yields as a function of signal region in the (a) Me↵-
based and (b) RJR-based searches. The background expectations are those obtained from the background-only fits,
presented in Tables 5 and 6.

In the absence of a statistically significant excess, limits are set on contributions to the SRs from BSM
physics. Upper limits at 95% CL on the number of BSM signal events in each SR and the correspond-
ing visible BSM cross-section are derived from the model-independent fits described in Section 5 using
the CLs prescription. Limits are evaluated using MC pseudo-experiments. The results are presented in

32
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0L-Search – Results Simplified Models

• 1st+2nd generation squarks, mass-degenerate
• All other sparticles (mass-wise) decoupled

27/07/2017 QFTHEP 2017 -- Oliver Ricken
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0L-Search – Results Simplified Models

• Only gluino and neutralino LSP
• All other sparticles (mass-wise) decoupled

27/07/2017 QFTHEP 2017 -- Oliver Ricken
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0L-Search – Results pMSSM

• pMSSM 19
– 2 free parameters:

gluino & squark
masses

– 17 fixed
parameters

• Bino-like LSP
• Massless LSP case:

– Gluino result consistent with SMS
– Squark limit stronger due to gluino exchange in production

27/07/2017 QFTHEP 2017 -- Oliver Ricken
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Stop-2L-Search – Walk before you run

• Simplified Models and pMSSM (17+2)
• Different scenarios target different phasespace

27/07/2017 QFTHEP 2017 -- Oliver Ricken
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Figure 1: Diagrams representing the four main signals targeted by the analyses: (a) the decay of the top squark
via the lightest chargino (t̃ ! b �̃±1 ), (b) the 2-body decay into an on-shell top quark and the lightest neutralino
(t̃ ! t �̃0

1), (c) the 3-body decay mode into an on-shell W boson, a b quark and the lightest neutralino (t̃ ! bW �̃0
1)

and (d) the 4-body decay mode (t̃ ! b f f 0 �̃0
1) where the two fermions f and f 0 are a lepton with its neutrino in this

article.

including the following decay modes: t̃ ! t �̃0
1, t̃ ! b �̃±1 with �̃±1 ! W �̃0

1 and t̃ ! t �̃0
2, with

�̃0
2 ! h/Z �̃0

1. Previous ATLAS [22, 23] and CMS [24–36] analyses have set exclusion limits at 95%
confidence level (CL) on the signal scenarios considered here. When considering simplified models
including the t̃ ! t �̃0

1 decay, top squark masses up to about 700 GeV have been excluded for a nearly
massless lightest neutralino. For the same assumptions on the lightest neutralino mass, if the t̃ ! b �̃±1
decay is considered, top squark masses up to about 500 GeV have been excluded.
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via the lightest chargino (t̃ ! b �̃±1 ), (b) the 2-body decay into an on-shell top quark and the lightest neutralino
(t̃ ! t �̃0

1), (c) the 3-body decay mode into an on-shell W boson, a b quark and the lightest neutralino (t̃ ! bW �̃0
1)

and (d) the 4-body decay mode (t̃ ! b f f 0 �̃0
1) where the two fermions f and f 0 are a lepton with its neutrino in this

article.

including the following decay modes: t̃ ! t �̃0
1, t̃ ! b �̃±1 with �̃±1 ! W �̃0

1 and t̃ ! t �̃0
2, with

�̃0
2 ! h/Z �̃0

1. Previous ATLAS [22, 23] and CMS [24–36] analyses have set exclusion limits at 95%
confidence level (CL) on the signal scenarios considered here. When considering simplified models
including the t̃ ! t �̃0

1 decay, top squark masses up to about 700 GeV have been excluded for a nearly
massless lightest neutralino. For the same assumptions on the lightest neutralino mass, if the t̃ ! b �̃±1
decay is considered, top squark masses up to about 500 GeV have been excluded.

3

Higher mass splittings Lower mass splittings

Two-body decays Three-body decays Four-body decays

ATLAS-CONF-2017-034



Stop-2L-Search – Control Regions
• CRs for

– Top
– VV
– (Z+jets)

• Fake/non-prompt
leptons: data-driven

• Good agreement
• Dominant systematics:

– JES, JER
– Theory predictions
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Figure 4: Four-body selection distributions of the (a) pT( j1) in CR4�body
t t̄

, (b) R`` in CR4�body
VV and (c) Emiss

T in
CR4�body

Z⌧⌧ after the background fit. The contributions from all SM backgrounds are shown as a histogram stack; the
bands represent the total statistical and systematic uncertainty. The fake and non-prompt lepton backgrounds are
estimated from data, the other backgrounds are estimated from MC simulation with a background fit as described
in Section 6. The rightmost bin of each plot includes overflow events.
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Figure 4: Four-body selection distributions of the (a) pT( j1) in CR4�body
t t̄

, (b) R`` in CR4�body
VV and (c) Emiss

T in
CR4�body

Z⌧⌧ after the background fit. The contributions from all SM backgrounds are shown as a histogram stack; the
bands represent the total statistical and systematic uncertainty. The fake and non-prompt lepton backgrounds are
estimated from data, the other backgrounds are estimated from MC simulation with a background fit as described
in Section 6. The rightmost bin of each plot includes overflow events.
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Stop-2L-Search – Signal Regions
• No observed excess

of data over prediction
• Set upper limits
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Table 4: Four-body selection signal region definition.

SR4�body

Lepton flavour SF and DF
Emiss

T [GeV] > 200
pT(`1) [GeV] [7,80]
pT(`2) [GeV] [7,35]
m`` [GeV] > 10
njets � 2
pT( j1) [GeV] > 150
pT( j2) [GeV] > 25
pT( j3)/Emiss

T < 0.14
R` j > 0.35
R`` > 12
nb�jets veto on j1 and j2

5 Samples of simulated events

Monte Carlo (MC) simulated event samples are used to aid in the estimation of the background from
SM processes and to model the SUSY signal. The generator, parton shower and hadronisation generator,
cross-section normalisation, parton distribution function (PDF) set and underlying-event tune of these
samples are given in Table 5, and more details on the generator configurations can be found in Refs. [59–
62]. Cross-sections calculated at next-to-next-to-leading order (NNLO) in QCD including resummation of
next-to-next-to-leading logarithmic (NNLL) soft gluon terms are used for top-quark production processes.
For production of top-quark pairs in association with vector or Higgs bosons, cross-sections calculated
at next-to-leading order (NLO) are used, and the generator cross-sections calculated by S����� (at NLO
for most of the processes) are used when normalising the multi-boson backgrounds. In all MC samples,
except those produced by S�����, the E��G�� v1.2.0 program [63] is used to model the properties of
the bottom and charm hadron decays. Additional MC samples are used when calculating systematic
uncertainties, as detailed in Section 7.

SUSY signal samples are generated from leading-order (LO) matrix elements with up to two extra
partons, using the M��G����5_�MC@NLO v2.2.3 generator. The two-body signals use P����� 8.186
for the modelling of the SUSY decay chain, parton showering, hadronisation and the description of the
underlying event. The three-body and four-body signals are decayed with P�����8.2+M��S��� [88]
instead. Parton luminosities are provided by the NNPDF23LO PDF set. Jet–parton matching is realised
following the CKKW-L prescription [89], with a matching scale set to one quarter of the pair-produced
superpartner mass. In all cases, the mass of the top quark is fixed at 172.5 GeV. Signal cross-sections are
calculated to next-to-leading order in the strong coupling constant, adding the resummation of soft gluon
emission at next-to-leading-logarithmic accuracy (NLO+NLL) [70, 90, 91]. The nominal cross-sections
and their uncertainties are taken from an envelope of cross-section predictions using di�erent PDF sets
and factorisation and renormalisation scales, as described in Ref. [71]. All two-, three- and four-body

12

8.3 Four-body results

Figure 7 shows the distributions of R` j and R`` for events satisfying all the SR4�body selections. No
significant excess over the SM prediction is visible. The estimated SM yields in SR4�body are determined
with a background fit simultaneously determining the normalisations of tt̄, diboson production, and
Z/�⇤+ jets where Z ! ⌧⌧, by including CR4�body

t t̄
, CR4�body

VV and CR4�body
Z⌧⌧ in the likelihood minimisation.

The background fit results are shown in Table 18. The observed yield is within less than one standard
deviation of the background prediction in the SR.
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Figure 7: Four-body selection distributions of R` j (a), R`` (b) for events satisfying all the SR4�body selections but
for the one on the variable shown in the figure, after the background fit. The contributions from all SM backgrounds
are shown as a histogram stack; the bands represent the total statistical and systematic uncertainty. The fake and
non-prompt lepton backgrounds are estimated from data, the other backgrounds are estimated from MC simulation
with a background fit as described in Section 6. The rightmost bin of each plot includes overflow events. Reference
top squark pair production signal models are overlayed for comparison. Red arrows indicate the signal region
selection criteria.
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Stop-2L-Search – Results Simplified Model

• Excluded visible cross section at O(0.3) fb
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Stop-2L-Search – Results pMSSM
• M3 = 2.2 TeV
• MS = 1.2 TeV

• Xt/MS =√6
• tan𝛽 = 20
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Gluino and Stop Masses – Status Quo
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A Glimpse Beyond – RPV & Long-Lived
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Summary & Conclusions
• Increased 13 TeV dataset is the biggest increase in 

statistical sensitivity for the next couple of years!
• Our goals:

– Cover much ground, e.g. with inclusive limits
– Fill not-yet-excluded phasespace holes,

e.g. for compressed 3rd generation mass spectra

• The dataset allows for novel techniques such as
RJR-based analyses, shape fits, MVA, etc.

• The dataset gives sensitivity to rarer signatures such as
– Tau leptons
– Electroweak production (c.f. Huajie Cheng‘s talk tomorrow)
– (dis)appearing tracks, displaced vertices, etc.

• Stay tuned!
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0L, 2-6 Jets



Recursive Jigsaw Reconstruction – RJR

• Motivation:
– assess “invisible“ parts of decay chain à boost to decay frames
– Use more precise variables beyond lab frame

• Determine geometry & composition of visible parts
à estimate invisible parts

27/07/2017 QFTHEP 2017 -- Oliver Ricken
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6 The Recursive Jigsaw Reconstruction technique

The Recusive Jigsaw Reconstruction (RJR) technique [12, 13] is a method for defining kinematic vari-
ables on an event-by-event level. While it is straightforward to fully describe an event’s underlying
kinematic features when all objects are fully reconstructed, events involving invisible weakly interacting
particles present a challenge, as the loss of information from escaping particles constrains the kinematic
variable construction to take place in the lab frame instead of the more physically natural frames of the
hypothesized decays. The RJR method partially mitigates this loss of information by determining ap-
proximations of the rest frames of intermediate particle states in each events. This reconconstructed view
of the event gives rise to a natural basis of kinematic observables, calculated by evaluating the momenta
and energy of di↵erent objects in these reference frames.
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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 invisible particles (Ia and Ib) whose four-momenta are only partially constrained. (b) An additional
level of decays can be added 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.

All jets with pjet
T > 50 GeV and |⌘jet| < 2.8 and the Emiss

T are used as input to the RJR algorithm. Motivated
by searches for strong production of sparticles in R-parity conserving models, a decay tree, shown in
Figure 2(a), is used in the analysis of events. Each event is evaluated as if two sparticles (the intermediate
states Pa and Pb) were produced and then decayed to the particles observed in our detector (the collections
Va and Vb). The benchmark signal models probed in this search give rise to signal events with at least two
weakly-interacting particles associated with two systems of particles (Ia and Ib), the respective children
of the initially produced sparticles.

This decay tree includes several kinematic and combinatoric unknowns. In the final state with no leptons,
the objects observed in the detector are exclusively jets and it is necessary to decide how to partition
these jets into the two groups Va and Vb in order to calculate the observables associated with the decay
tree. In this paper, the grouping that minimizes the masses of the four-vector sum of group constituents
is chosen.

More explicitly, the collection of reconstructed jet four-vectors, V ⌘ {pi} and their four-vector sum pV
are considered. Each of the four-momenta is evaluated in the rest-frame of pV (V-frame) and di↵erent

10

General illiustration Possible gluino pair decay Compressed example



0L – Auxiliary Material, Scaling Factors
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0L – Auxiliary Material, RJR CRs
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Physics process Generator Cross-section PDF set Parton shower Tune
normalization

SUSY processes MG5 aMC@NLO 2.2.2–2.3.3 NLO+NLL NNPDF2.3LO Pythia 8.186 A14
W (! `⌫) + jets Sherpa 2.2.1 NNLO NNPDF3.0NNLO Sherpa Sherpa default
Z/�⇤(! `¯̀) + jets Sherpa 2.2.1 NNLO NNPDF3.0NNLO Sherpa Sherpa default
� + jets Sherpa 2.1.1 LO CT10 Sherpa Sherpa default
tt̄ Powheg-Box v2 NNLO+NNLL CT10 Pythia 6.428 Perugia2012

Single top (Wt-channel) Powheg-Box v2 NNLO+NNLL CT10 Pythia 6.428 Perugia2012

Single top (s-channel) Powheg-Box v2 NLO CT10 Pythia 6.428 Perugia2012

Single top (t-channel) Powheg-Box v1 NLO CT10f4 Pythia 6.428 Perugia2012

Single top (Zt-channel) MG5 aMC@NLO 2.2.1 LO CTEQ6L1 Pythia 6.428 Perugia2012

tt̄ + W/Z/WW MG5 aMC@NLO 2.2.3 NLO NNPDF2.3LO Pythia 8.186 A14
WW , WZ, ZZ Sherpa 2.1.1 NLO CT10 Sherpa Sherpa default
Multi-jet Pythia 8.186 LO NNPDF2.3LO Pythia 8.186 A14
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Targeted signal q̃q̃, q̃ ! q�̃0
1

Requirement

Signal Region [Me↵-]
2j-1200 2j-1600 2j-2000 2j-2400 2j-2800 2j-3600 2j-2100 3j-1300

Emiss
T [GeV] > 250

pT(j1) [GeV] > 250 300 350 600 700

pT(j2) [GeV] > 250 300 350 50

pT(j3) [GeV] > – 50

|⌘(j1,2)| < 0.8 1.2 –

��(jet1,2,(3),E
miss
T )min > 0.8 0.4

��(jeti>3,E
miss
T )min > 0.4 0.2

Emiss
T /

p
HT [GeV

1/2
] > 14 18 26 16

meff (incl.) [GeV] > 1200 1600 2000 2400 2800 3600 2100 1300

Targeted signal g̃g̃, g̃ ! qq̄�̃0
1

Requirement

Signal Region [Me↵-]
4j-1000 4j-1400 4j-1800 4j-2200 4j-2600 4j-3000 5j-1700

Emiss
T [GeV] > 250

pT(j1) [GeV] > 200 700

pT(j4) [GeV] > 100 150 50

pT(j5) [GeV] > – 50

|⌘(j1,2,3,4)| < 1.2 2.0 –

��(jet1,2,(3),E
miss
T )min > 0.4

��(jeti>3,E
miss
T )min > 0.4 0.2

Emiss
T /meff (Nj) > 0.3 0.25 0.2 0.3

Aplanarity > 0.04 –

meff (incl.) [GeV] > 1000 1400 1800 2200 2600 3000 1700

Targeted signal g̃g̃, g̃ ! qq̄W �̃0
1 and q̃q̃, q̃ ! qW �̃0

1

Requirement

Signal Region [Me↵-]
5j-1600 5j-2000 5j-2600 6j-1200 6j-1800 6j-2200 6j-2600

Emiss
T [GeV] > 250

pT(j1) [GeV] > 200

pT(j6) [GeV] > 50 100

|⌘(j1,...,6)| < – 2.0 –

��(jet1,2,(3),E
miss
T )min > 0.4 0.8 0.4

��(jeti>3,E
miss
T )min > 0.2 0.4 0.2

Emiss
T /meff (Nj) > 0.15 – 0.25 0.2 0.15

Emiss
T /

p
HT [GeV

1/2
] > – 15 18 –

Aplanarity > 0.08 – 0.04 0.08

meff (incl.) [GeV] > 1600 2000 2600 1200 1800 2200 2600

Targeted signal g̃g̃, g̃ ! qq̄W �̃0
1 and q̃q̃, q̃ ! qW �̃0

1

Requirement

Signal Region

Me↵-2jB-1600 Me↵-2jB-2400
Emiss

T [GeV] > 250

pT(Large-R j1) [GeV] > 200

pT(Large-R j2) [GeV] > 200

m(Large-R j1) [GeV] [60,110]

m(Large-R j2) [GeV] [60,110]

��(jet1,2,(3),E
miss
T )min > 0.6

��(jeti>3,E
miss
T )min > 0.4

Emiss
T /

p
HT [GeV

1/2
] > 20

meff (incl.) [GeV] > 1600 2400

Targeted signal g̃g̃, g̃ ! q�̃0
1

Requirement

Signal Region

RJR-S1 RJR-S2 RJR-S3 RJR-S4
H PP

1,1 /H PP
2,1 � 0.55 0.5 0.45 -

H PP
1,1 /H PP

2,1  0.9 0.95 0.98 -

p PP
Tj2 /H

PP
T 2,1 � 0.16 0.14 0.13 0.13

|⌘j1,j2|  0.8 1.1 1.4 2.8

�QCD � 0.1 0.05 0.025 0

p lab
PP, T/

⇣
p lab
PP, T +H PP

T 2,1

⌘
 0.08

RJR-S1a RJR-S1b RJR-S2a RJR-S2b RJR-S3a RJR-S3b RJR-S4
H PP

T 2,1 [GeV] > 1000 1200 1400 1600 1800 2100 2400

H PP
1,1 [GeV] > 800 1000 1200 1400 1700 1900 2100

Targeted signal g̃g̃, g̃ ! qq̄�̃0
1

Requirement

Signal Region

RJR-G1 RJR-G2 RJR-G3 RJR-G4
H PP

1,1 /H PP
4,1 � 0.45 0.3 0.2 -

H PP
T 4,1/H

PP
4,1 � 0.7 0.7 0.65 0.65

min

⇣
p PP
Tj2i/H

PP
T 2,1 i

⌘
� 0.12 0.1 0.08 0.07

max

⇣
H Pi

1, 0/H
Pi
2, 0

⌘
 0.96 0.97 0.98 0.98

|⌘j1,2,a,b|  1.4 2.0 2.4 2.8

�QCD � 0.05 0.025 0 0

p lab
z, PP/

⇣
p lab
z, PP +H PP

T 4,1

⌘
 0.5 0.55 0.6 0.65

p lab
PP, T/

⇣
p lab
PP, T +H PP

T 4,1

⌘
 0.08

RJR-G1a RJR-G1b RJR-G2a RJR-G2b RJR-G3a RJR-G3b RJR-G4
H PP

T 4,1 [GeV] > 1200 1400 1600 2000 2400 2800 3000

H PP
1,1 [GeV] > 700 800 900 1000

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

1)

Requirement

Signal Region

RJR-C1 RJR-C2 RJR-C3 RJR-C4 RJR-C5
RISR � 0.95 0.9 0.8 0.7 0.7

p CM
TS [GeV] � 1000 1000 800 700 700

��ISR, I/⇡ � 0.95 0.97 0.98 0.95 0.95

��(jet1,2,E
miss
T )min > - - - 0.4 0.4

MTS [GeV] � � 100 200 450 450

N V
jet � 1 1 2 2 3

|⌘jV |  2.8 1.2 1.4 1.4 1.4
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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 /meff (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 t¯t(+EW) and single top t¯t ! b¯bqq0`⌫ 30 GeV < mT(`, Emiss
T ) < 100 GeV, b-tag
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Signal Region [Me↵-] 2j-1200 2j-1600 2j-2000 2j-2400 2j-2800 2j-3600 2j-B1600 2j-B2400
MC expected events

Diboson 28.17 14.37 7.02 3.09 0.86 0.18 2.94 0.53
Z/�⇤+jets 346.37 140.61 54.13 24.23 10.22 2.28 13.84 2.45
W+jets 142.39 47.49 18.33 8.23 3.37 1.11 5.16 0.71
tt̄(+EW) + single top 21.40 5.84 2.54 1.13 0.32 0.04 0.86 0.10

Fitted background events

Diboson 28 ± 4 14.4 ± 2.3 7.0 ± 1.1 3.1 ± 0.5 0.86 ± 0.17 0.18 ± 0.07 2.9 ± 0.7 0.53 ± 0.1
Z/�⇤+jets 337 ± 19 141 ± 10 61 ± 8 26.8 ± 3.1 11.4 ± 1.4 2.7 ± 0.7 12.3 ± 1.8 2.7 ± 0.5
W+jets 136 ± 24 57 ± 16 19 ± 5 9.4 ± 2.6 3.1 ± 1.1 0.4 ± 0.31 4.8 ± 2.8 0.6 ± 0.6
tt̄(+EW) + single top 15 ± 4 3.1 ± 1.7 1.34 ± 1.0 0.4 ± 0.4 0.18 ± 0.15 0.04+0.04

�0.04 0.5 ± 0.5 0.05+0.57
�0.05

Multi-jet 1.8 ± 1.8 0.34 ± 0.34 – – – – – –

Total bkg 517 ± 31 216 ± 18 88 ± 9 40 ± 4 15.5 ± 1.9 3.3 ± 0.8 21 ± 4 3.9 ± 1.0
Observed 582 204 70 33 17 5 23 2

h✏�i95
obs

[fb] 3.6 1.00 0.42 0.30 0.32 0.20 0.42 0.11

S95

obs

131 36 15 11 11 7.1 15.1 4.1

S95

exp

78+33

�21

43+17

�12

24+10

�6

15+7

�4

10+4

�3

5.4+2.0
�1.5 13+5

�3

5.0+2.3
�1.1

p
0

(Z) 0.06 (1.53) 0.50 (0.00) 0.50 (0.00) 0.50 (0.00) 0.33 (0.43) 0.19 (0.87) 0.37 (0.34) 0.50 (0.00)

Signal Region [Me↵-] 2j-2100 3j-1300 4j-1000 4j-1400 4j-1800 4j-2200 4j-2600 4j-3000
MC expected events

Diboson 12.87 34.43 6.56 13.18 4.40 2.14 0.35 0.06
Z/�⇤+jets 115.70 265.30 59.58 99.18 32.76 11.95 4.05 1.34
W+jets 33.90 105.92 28.91 51.75 14.57 4.49 1.66 0.61
tt̄(+EW) + single top 4.96 36.08 42.86 41.67 7.64 1.71 0.63 0.21

Fitted background events

Diboson 13 ± 5 34 ± 6 6.6 ± 1.2 13.2 ± 2.2 4.4 ± 0.9 2.1 ± 0.5 0.35 ± 0.08 0.06 ± 0.03
Z/�⇤+jets 97 ± 8 218 ± 20 52 ± 7 82 ± 9 23 ± 4 9.6 ± 1.9 2.1 ± 0.7 1.1 ± 0.5
W+jets 30 ± 9 96 ± 18 22 ± 7 39 ± 9 11 ± 5 2.74 ± 1.0 1.5 ± 0.9 0.43 ± 0.33
tt̄(+EW) + single top 2.8 ± 1.6 28 ± 10 39 ± 7 33 ± 10 4.7 ± 3.2 0.9 ± 0.5 0.12+0.15

�0.12 0.11 ± 0.1

Multi-jet 0.15 ± 0.15 0.79+0.80
�0.79 0.20+0.20

�0.20 0.4 ± 0.4 – – – –

Total bkg 143 ± 13 378 ± 28 120 ± 11 169 ± 15 43 ± 6 15.4 ± 2.2 4.0 ± 1.2 1.8 ± 0.6
Observed 180 405 135 179 53 23 4 2

h✏�i95
obs

[fb] 2.0 2.5 1.3 1.5 0.85 0.47 0.17 0.12

S95

obs

70 91 47 55 31 17 6.1 4.4

S95

exp

37+14

�9

69+27

�17

36+10

�10

40+16

�9

21+8

�5

10+5

�3

6.0+2.0
�1.8 4.3+1.7

�1.0

p
0

(Z) 0.02 (2.14) 0.20 (0.85) 0.13 (1.13) 0.11 (1.24) 0.07 (1.45) 0.07 (1.45) 0.50 (0.00) 0.44 (0.14)

Signal Region [Me↵-] 5j-1600 5j-1700 5j-2000 5j-2600 6j-1200 6j-1800 6j-2200 6j-2600
MC expected events

Diboson 10.29 5.61 6.59 0.73 19.00 0.15 0.26 0.09
Z/�⇤+jets 55.12 30.42 49.38 7.32 103.92 3.29 1.26 0.76
W+jets 41.39 15.21 18.42 2.60 78.02 2.15 0.70 0.47
tt̄(+EW) + single top 44.63 11.71 9.77 0.75 139.99 4.31 0.61 0.36

Fitted background events

Diboson 10.3 ± 1.8 5.61 ± 1.0 6.6 ± 1.2 0.73 ± 0.13 19.0 ± 3.2 0.15 ± 0.11 0.26 ± 0.07 0.09+0.11
�0.09

Z/�⇤+jets 40 ± 5 20 ± 4 34 ± 6 4.2 ± 1.3 58 ± 10 0.9 ± 0.5 0.8 ± 0.4 0.35 ± 0.22
W+jets 23 ± 7 6.7 ± 2.4 11.6 ± 3.1 0.32+0.41

�0.32 41 ± 20 0.36+0.59
�0.36 0.12+0.18

�0.12 0.19+0.27
�0.19

tt̄(+EW) + single top 42 ± 11 7.2 ± 2.5 5.9 ± 2.3 0.5 ± 0.5 130 ± 23 1.6 ± 1.2 0.35 ± 0.24 0.22+0.39
�0.22

Multi-jet 4 ± 4 – – – 0.72+0.72
�0.72 – – –

Total bkg 119 ± 12 39 ± 5 58 ± 7 5.7 ± 1.3 249 ± 30 3.0 ± 1.3 1.6 ± 0.5 0.8 ± 0.6
Observed 122 45 52 10 250 9 3 1

h✏�i95
obs

[fb] 1.03 0.60 0.48 0.30 2.1 0.35 0.16 0.11

S95

obs

37 22 17 10.7 74 13 5.6 4.1

S95

exp

35+12

�11

17+7

�5

20+8

�5

7.1+2.9
�2.1 61+23

�14

8.7+2.8
�1.8 4.2+1.5

�0.6 3.5+1.5
�0.2

p
0

(Z) 0.35 (0.37) 0.22 (0.78) 0.50 (0.00) 0.10 (1.25) 0.50 (0.00) 0.08 (1.43) 0.16 (1.00) 0.19 (0.89)

Signal Region RJR-S1a RJR-S1b RJR-S2a RJR-S2b RJR-S3a RJR-S3b RJR-S4
MC expected events

Diboson 36.66 16.69 23.63 10.18 7.37 3.60 2.09
Z/�⇤+jets 496.41 189.08 222.22 101.96 69.97 30.32 17.83
W+jets 221.22 76.78 84.09 36.03 22.66 9.13 5.22
tt̄(+EW) + single top 32.38 9.37 11.01 4.58 2.60 1.13 0.67

Fitted background events

Diboson 37 ± 8 17 ± 4 24 ± 5 10.2 ± 2.6 7.4 ± 1.5 3.6 ± 1.3 2.1 ± 0.5
Z/�⇤+jets 430 ± 40 164 ± 14 205 ± 16 94 ± 8 65 ± 5 28.0 ± 2.3 16.5 ± 1.4
W+jets 201 ± 25 70 ± 9 80 ± 12 34 ± 5 21.6 ± 2.9 8.7 ± 1.3 5.0 ± 0.9
tt̄(+EW) + single top 27 ± 6 7.7 ± 2.5 7.7 ± 3.4 3.2 ± 1.2 1.8 ± 0.6 0.79 ± 0.31 0.47+0.53

�0.47

Multi-jet 20 ± 20 0.9 ± 0.9 1.6 ± 1.6 0.18 ± 0.18 0.36 ± 0.35 – –

Total bkg 720 ± 50 259 ± 17 318 ± 21 142 ± 10 96 ± 6 41.1 ± 3.1 24.0 ± 2.1
Observed 850 304 346 157 96 46 21

h✏�i95
obs

[fb] 6.12 2.36 1.66 1.16 0.67 0.54 0.27
S95

obs

220 85.3 60.0 41.9 24.2 19.6 9.9
S95

exp

121+46

�33

48.8+19.3
�14.3 51.1+8.8

�6.2 31.9+11.6
�7.1 24.2+8.4

�7.1 15.2+6.2
�4.3 11.6+5.1

�2.6

p
0

(Z) 0.01 (2.22) 0.03 (1.84) 0.24 (0.71) 0.20 (0.84) 0.50 (0.00) 0.24 (0.71) 0.50 (0.00)

Signal Region RJR-G1a RJR-G1b RJR-G2a RJR-G2b RJR-G3a RJR-G3b RJR-G4
MC expected events

Diboson 3.06 1.54 2.91 1.34 0.80 0.37 0.24
Z/�⇤+jets 28.56 13.03 28.01 9.41 8.56 2.90 2.05
W+jets 13.99 6.40 14.66 4.98 4.45 1.71 0.99
tt̄(+EW) + single top 6.04 1.96 6.50 1.99 2.74 1.32 0.97

Fitted background events

Diboson 3.1 ± 0.6 1.5 ± 0.4 2.9 ± 0.8 1.34 ± 0.34 0.8 ± 0.24 0.37 ± 0.22 0.24 ± 0.13
Z/�⇤+jets 23.9 ± 3.0 10.9 ± 1.5 23.6 ± 2.8 7.9 ± 1.1 7.22 ± 1.0 2.5 ± 0.6 1.73 ± 0.33
W+jets 11.4 ± 1.7 5.2 ± 0.8 11.7 ± 2.1 4.0 ± 0.7 3.5 ± 0.7 1.4 ± 0.6 0.79 ± 0.27
tt̄(+EW) + single top 4.8 ± 2.1 1.6 ± 1.1 5.6 ± 2.8 1.7 ± 1.0 2.4 ± 1.1 1.14+1.20

�1.14 0.83+1.19
�0.83

Multi-jet 0.21 ± 0.21 – 0.6 ± 0.6 0.21 ± 0.21 – – –

Total bkg 43 ± 4 19.2 ± 2.2 44 ± 4 15.2 ± 1.7 13.9 ± 1.6 5.3 ± 1.4 3.6 ± 1.3
Observed 38 16 48 15 19 11 6

h✏�i95
obs

[fb] 0.39 0.26 0.56 0.28 0.40 0.38 0.25
S95

obs

13.9 9.4 20.1 10.0 14.5 13.6 9.1
S95

exp

16.2+6.6
�4.9 10.7+4.1

�2.8 17.4+5.4
�5.5 9.5+4.2

�2.4 9.7+4.0
�2.1 10.2+3.8

�1.4 7.6+2.3
�1.7

p
0

(Z) 0.50 (0.00) 0.50 (0.00) 0.23 (0.73) 0.50 (0.00) 0.09 (1.36) 0.12 (1.15) 0.18 (0.90)

Signal Region RJR-C1 RJR-C2 RJR-C3 RJR-C4 RJR-C5
MC expected events

Diboson 4.37 3.44 1.64 2.74 0.83
Z/�⇤+jets 24.41 20.58 7.23 10.18 2.32
W+jets 9.63 7.23 7.95 7.94 2.31
tt̄(+EW) + single top 1.31 1.53 5.40 7.38 3.39

Fitted background events

Diboson 4.37 ± 1.0 3.4 ± 0.8 1.6 ± 0.4 2.7 ± 0.6 0.8 ± 0.5
Z/�⇤+jets 21.6 ± 2.2 18.2 ± 1.9 6.0 ± 1.1 8.5 ± 1.2 2.1 ± 0.6
W+jets 9.3 ± 1.8 7.0 ± 1.3 8.3 ± 1.3 8.3 ± 1.4 2.7 ± 1.4
tt̄(+EW) + single top 0.93+1.06

�0.93 1.1 ± 0.7 3.3 ± 1.4 4.5 ± 2.6 0.85+1.14
�0.85

Multi-jet 0.4 ± 0.4 – 0.6 ± 0.6 0.8 ± 0.8 0.37+0.37
�0.37

Total bkg 36.6 ± 3.4 29.7 ± 2.7 19.8 ± 2.4 24.8 ± 3.3 6.8 ± 1.4
Observed 31 25 12 21 8

h✏�i95
obs

[fb] 0.34 0.29 0.22 0.30 0.24
S95

obs

12.4 10.5 7.9 10.8 8.8
S95

exp

15.1+5.1
�5.2 13.5+4.6

�4.0 10.7+4.3
�2.5 11.3+3.9

�1.2 7.8+2.4
�1.9

p
0

(Z) 0.50 (0.00) 0.50 (0.00) 0.50 (0.00) 0.50 (0.00) 0.31 (0.51)
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