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Motivation
A minimal SUSY solution to the hierarchy !

problem requires light stops

Gospel Church Choir Cats Cat Art By Tarafly

Copyright © 2011 DC Comics - from http://en.wikipedia.org/
wiki/File:Superman.jpg, see copyright information there.

Image from Flip Tanedo (Quantum Diaries)

There is no (approximate) 
symmetry to protect the Higgs 

mass from Quantum Corrections
Naively, the mass receives 

quadratic corrections to 
highest mass scale

The largest (quantum) 
contribution comes from the 

[fermionic] top quark loop - can 
cancel with [scaler] stop loops

S for SUperSYmmetry
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The parameter 
space of natural 

SUSY is huge

Three important 
parameters:

Technically, natural SUSY is a 
framework, not a model

Simplifying assumptions 
!

1. R-parity conservation 
2. stop is the only light squark 
3. lightest neutralino is the LSP
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Target Models We use simplified models: Leading order 
processes with 100% branching ratios
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Stop is (mostly) right-handed and 
the neutralino is (mostly) bino
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How ‘realistic’ is simple?
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Figure 8: Contours of the top polarization in the top rest frame for µ < 0 and a mixed dominantly
RH stop (left). Branching ratios for t̃1 → tχ̃0

1 (right)
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Figure 9: Same as Fig. 8 for µ > 0 and dominantly RH stop.

for the RH stop case simply because the mass of t̃1 is lower. Note that since the two lightest
neutralinos are almost degenerate the decay of the second neutralino into the LSP is accompanied
by soft leptons and has basically the same missing ET signature as the LSP. One can therefore use
both decay channels to determine the top polarization without being handicapped by small rates.

In the above, we have considered only the behaviour of the top polarization without worrying
about other constraints on the model. We briefly comment on the impact of these constraints.
For the bino case the relic density is typically much too large, it is however possible to bring it
to a reasonable value by decreasing the mass of the sleptons to just above the LSP mass thus
adding an important contribution from coannihilation processes. This would have no impact on
the polarization observables discussed here. In the higgsino region, as expected the relic density
is typically too small. This only means that the neutralino cannot form all of the dark matter.
Constraints on observables from the flavour sector are easily satisfied. For instance the branching
ratio for Bs → µ+µ− remains near the SM value since we are considering only moderate values of
tan β and a heavy pseudoscalar. For the same reason, the value for b → sγ falls within the allowed
range in the dominantly RH stop case where we have fixed a high mass for the sbottom. However,
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t̃L,R, b̃L,R

Gauginos + higgsinos
... }

SM (1)KK excitations
N = 2 SUSY superpartners

Z 0

{ ...

1/2R ⇠ 2TeV

⇠ 3TeV

⇠ 0.7TeV

1/R ⇠ 4TeV

1st/2nd family sfermions

⇠ few 0.1TeV
⌧̃R, hd

⌧̃L, ⌫̃3L

possible gravity sector LSP

FIG. 3: Schematic spectrum of new states of primary experi-
mental interest.

The theory is mostly protected from precision, flavor
and CP observables, although signatures are possible.
While SUSY flavor problems are suppressed by the au-
tomatic near-degeneracy of 1st/2nd generation squarks
and the near-Dirac masses of higgsinos and gauginos,
KK gauge boson exchange can lead to deviations in kaon
and especially Bq mixing and rare decays depending on
model-dependent details [66]. The high scale of the KK
states and U(1)0 sectors, 1/R ⇠ mZ0 & 4 TeV protects
from EWPT[42]. Higgs properties are automatically SM-
like since only Hu obtains a VEV, and the inert Hd is
easily made consistent with limits.

The presence of additional large gravitational dimen-
sions constrains models of inflation and reheating. A de-
tailed treatment is left to future work [39], but we note
that a small inflationary energy scale VI < M4

5 ⌧ M4
pl

can be consistent with recent evidence for tensor per-
turbations [67] if the extra gravitational dimensions and
thus the corresponding 4D Planck mass are small during
inflation, as in models of rapid asymmetric inflation [68].

The leading signature of this model is sparticle pro-
duction at the LHC and future colliders. Two important
di↵erences from generic natural SUSY phenomenology
occur. First, mg̃ ⇠ (3÷5)mt̃ arises without extra tuning,
and tuning limits will likely be driven by direct produc-
tion of 3rd generation sparticles, not gluino production.
Second, the absence of a light higgsino leads to unusual
stop and sbottom decay chains. The brane-localized 3rd
generation slepton masses are dominantly from higher di-
mensional operators Eq. (4), so either ⌧̃R or ⌫̃⌧L could
be the lightest ordinary superpartner (LOSP). Three-
body decays of t̃ and b̃ to the LOSP can dilute missing
energy signatures and lead to ⌧ -rich final states. De-
pending on the embedding of the 5D theory in the grav-
itational dimensions, the LOSP can be collider stable,
or decay through prompt or displaced vertices to extra-

dimensional-gravitini or other Rp-odd states in the bulk.
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FIG. 4: Fine-tuning ��1 (solid lines) as function of 1/R and
the Z0 mass, Eq.(8). Iso-contours of stop mass are dashed.
Limits from LHC8 searches for t̃ ! t+MET[70, 71] (red) and
Z0 resonance searches [72, 73] (green) are shaded. Subdomi-
nant limits mg̃ ⇡ 1/(2R) & 1.3TeV from g̃ ! tt/bb + MET
searches (blue) are also shaded [75, 76].

In another variation, if FX is generated independently
of SSSB, the associated goldstino remains light [69] and
ordinary superpartners will decay directly to this state,
mimicking more standard natural susy signatures. For
this short work we take the LHC8 bounds on t̃ ! t+MET
of mt̃ & 650 GeV [70, 71] as a guideline, but this can po-
tentially be eased.

The mass and couplings of the new Z 0 are restricted
by the requirement mh ⇡ 126 GeV, suggesting this state
is also likely to be accessible; 8 TeV limits require mZ0 &
3 TeV [72, 73].

The tuning of EWSB in this theory can be quantified
by the sensitivity of v to shifts at the scale 1/R of the
stop mass (through the operator Eq.(4)) and the Z 0 mass,

� =

vuut
 

@ ln v2

@ ln m2
t̃

!2

+

 
@ ln v2

@ ln m2
Z̃0

!2

, (8)

where for simplicity we set m2
q̃3

= m2
ũ3

⌘ m2
t̃
. The

fine-tuning is shown in Fig. 4, where the stop mass has
been fixed as a function of 1/R and m0

Z to give suc-
cessful EWSB. For mZ0 . 1.5/R, the stop contribution
is the dominant source of tuning. Remarkably at cur-
rent LHC8 limits the theory is natural with a tuning of
⇠ 50%. LHC14 can discover stops at mt̃ ⇠ 1.2 GeV [74],

Another motivation: Maximally Natural SUSY; 
gluinos are heavy and it look likes simplified models

1212.3526: G. Belanger et al.

1404.7554: S. Dimopoulos,  
K. Howe, and J. March-Russell 
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Figure 1: Top quark polarization (left) and t̃1 ! t + �̃0
1 decay branching ratio (right) as a function of the

higgs mass parameter (µ) and bino mass parameter (M1) for dominantly right-handed stops. Taken from
Ref. [?].

3 Signal selections

The search for direct stop pair production as described in this note covers two of the most important t̃
decays (t̃1 ! b + �̃±1 and t̃1 ! t + �̃0

1), where for the sake of simplicity either one or the other decay
is assumed with 100% branching ratio (no mixed scenario is considered yet). Despite these simplifying
assumptions, the signal characteristics (kinematic properties) greatly di↵er as a function of (a) the decay,
and (b) the mass assumption on the SUSY particles (t̃, �̃0

1, and �̃±1 for the corresponding decay). Conse-
quently, di↵erent signal event selection strategies have been developed to optimize the overall coverage,
while keeping the basic event selection criteria (trigger, data quality, lepton, jets) in common as much as
possible.

3.1 t̃1 ! b + �̃±1 vs t̃1 ! t + �̃0
1 decays

It is interesting to inspect the set of assumptions that went into the simplified models. In particular, the
simplified models take the branching ratio of each decay to be 100% which can obviously not be realized
simultaneously for the same SUSY model.

A good description can be found in Ref. [?], where the stop phenomenology in terms of branching
ratios, top polarization is introduced and discussed. One figure of the above reference is shown and
discussed as an example here. Figure ?? shows the top quark polarization (left) and t̃1 ! t + �̃0

1 decay
branching ratio (right), both as a function of the higgs mass parameter (µ) and bino mass parameter
(M1). In these plots the stop is assumed to be predominantly right-handed. Depending on |µ| and M1 the
LSP field content will be more higgsino-like or bino-like, as indicated in the plot. The top polarization
behaves as expected Pt ⇡ 1 (-1) for a bino-like (higgsino-like) LSP. The t̃1 ! t + �̃0

1 branching ratio
is above 90% in the bino region. The sharp vertical drop at around M1 ⇡ 350 is due to the kinematic
limit (the LSP becomes too heavy for the 2-body t̃1 ! t + �̃0

1 decay). For low µ and low M1 values
the branching ratio decreases with an increasing higgsino component in the LSP. This is because the
t̃1 ! b+ �̃±1 decay is only possible through the left-handed component of the stop (for a �̃±1 that is mostly
wino-like, M2 < |µ|).

Note that changing the stop handedness changes the overall picture (c.f. Ref. [?]). For example the
top polarization is negative for a bino-like LSP, while the t̃1 ! t + �̃0

1 branching ratio is still above 90%.
In conclusion:

4

The neutralino field content is important 
in part for the top polarization
impacts acceptance through the 

momentum of the top decay products

Right-handed top

This is not the MSSM!

5



Still not happy? 
!

Just for you, we also considered a 
scan in the pMSSM* 

!
(R-parity conserving MSSM subject 

to experimentally motivated 
constraints - 19 parameters)

Not happy with simple?

1307.8444: Authors listed (*)
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We will also consider asymmetric decays where 
!

BR(b+chargino) + BR(t+LSP) = 1  
but BR(b+chargino) < 1 & BR(t+LSP) < 1

We also will study the impact of the stop mixing 
(impacts top polarization and acceptance) //

Figure 16: Typical spectrum (top) and decay patterns for stops (bottom left) and sbottoms
(bottom right) in a low-FT model.

24

*Thanks to the work of  M. Cahill-Rowley, J.L. Hewett, A. Ismail, and T.G. Rizzo

Long decay chains and small 

BRs decrease sensitivity
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(2) Discriminating Variables

(1) Preselection

(3) Background estimation

(4) Results

-Reach the trigger plateau 
-Remove most multijet events

-Robust techniques to isolate the signal 
 Many designed specifically for this search !
-Combine variables to form signal regions (SRs)

τ+τ   1%
τ+µ   2%

τ+e   2%

µ+µ   1%

µ+e   2
%

e+e   
1%

e+jets 15%

µ+jets 15%

τ+jets  15%

"alljets"  46%

"lepton+jets""dileptons"

Top Pair Branching Fractions

Credit: D0 Collaboration: http://www-d0.fnal.gov/
Run2Physics/top/top_public_web_pages/

Search Strategy
1 lepton channel: optimal mix of cross 

section and background rejection

-For the dominant backgrounds, define control regions (CRs) 
-Estimate systematic uncertainties

7
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Preselection

8

Trigger: (Single Isolated e or µ) or ET
miss

> 24 GeV @ HLT > 80 GeV @ HLT

-Exactly one isolated e or µ with pT > 25 GeV
-ET

miss > 100 GeV

-No other e or µ with pT > 10 GeV
-At least one b-jet @ 70% efficiency
-At least four jets (anti-kt R=0.4)
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(d)
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Signal!
RegionsSRs target particular regions of phase space
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Two main discriminating variables
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close to a photon, with �R < 0.2, are dropped.

An event-veto based on identifying hadronically decaying ⌧ leptons (⌧
had

) is used in

some selections to reject tt̄ background. The ⌧
had

candidates are reconstructed in the

same way as jets with p
T

> 15 GeV and |⌘| < 2.47, but calibrated separately to account

for a di↵erent calorimeter response. The ⌧ -identification is performed with a boosted

decision tree (BDT) discriminator [120, 121], which combines tracking information and

the transverse and longitudinal shapes of the energy deposits in the calorimeter. If a ⌧
had

candidate overlaps with any baseline lepton within �R < 0.2, the ⌧
had

is not counted.

The missing transverse momentum vector ~pmiss

T

is the negative vector sum of the p
T

of

reconstructed objects in the event: jets with p
T

> 20 GeV, charged lepton (electron and

muon) and photon candidates with p
T

> 10 GeV, and calibrated calorimeter clusters not

assigned to these physics objects [122, 123].

The lepton identification criteria are tightened for the selection of the primary electron

or muon in the event. The lepton p
T

is required to be above 25GeV, except for the soft-

lepton selections where the baseline thresholds of 7 GeV (electron) or 6GeV (muon) are

kept. Electrons are required to satisfy a variant of the ‘tight’ selection criteria [114], and are

required to satisfy a track-isolation criterion. The scalar sum of the p
T

of tracks associated

with the primary vertex and found within a cone of radius �R = 0.2 around the electron

(excluding the electron itself) is required to be less than 10% of the electron p
T

. Similarly,

a muon isolation criterion is imposed: the track isolation is required to be less than 1.8 GeV

in a cone of radius �R = 0.2. A less stringent muon isolation criterion is used for the large-

R jet selection: the track isolation is required to be less than 12% of the muon p
T

. This

helps to recover signal e�ciency losses in boosted topologies. For the soft-lepton selections,

the ‘tight’ electron selection is omitted (keeping the ‘medium’ criteria from the baseline

selection), and a modified version of the track-isolation is applied to electrons and muons:

the scalar sum of the p
T

of tracks within a cone of radius �R = 0.3 around the lepton

(excluding the lepton itself) is required to be less than 16% (12%) of the electron (muon) p
T

.

Furthermore, the impact parameters along the beam direction (z
0

) and in the transverse

plane (d
0

) are used to impose additional soft-lepton requirements: |z
0

sin ✓| < 0.4(0.4) mm

and |d
0

/�d0 | < 5(3) for electrons (muons), where �d0 is the uncertainty on d
0

. The modified

criteria of the soft-lepton selection are specifically optimised to suppress low-p
T

jets mis-

identified as isolated leptons.

6.2 Tools to discriminate signal from background

Requiring one isolated lepton (`), several jets, and Emiss

T

selects a sample enriched in semi-

leptonic tt̄ and W+jets events. Both backgrounds are reduced by requiring the transverse

mass (m
T

) to be above the W boson mass, where m
T

is defined by

m
T

=
q

2 · p`
T

· Emiss

T

�
1 � cos ��(~̀, ~pmiss

T

)
�
.

Here p`
T

is the lepton p
T

, and ��(~̀, ~pmiss

T

) is the azimuthal angle between the lepton and the

~pmiss

T

directions.7 The dominant background after this requirement stems from dileptonic

7This formula of mT makes the assumption that the lepton mass is negligible.
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There is an mT2 for you!
Transverse mass is a powerful variable because 

it takes advantage of the targeted topology

A Detailed description of the discriminating variables

This section provides more detailed descriptions of the discriminating variables that are

introduced in section 6.

- Stransverse Mass, m
T2

This variable targets decay topologies with two branches, referred to here as a and

b. In each branch, there are some particles with fully measured momenta and some

particles with momenta that are not measured directly. The sum of the four vectors of

the measured momenta in branch i 2 {a, b} are denoted pi = (Ei, ~p
Ti, pzi) and the sum

of the four vectors of the unmeasured momenta are denoted qi = (Fi, ~q
Ti, qzi). With

m2

pi = E2

i � ~p 2

i and m2

qi = F 2

i � ~q 2

i , the m
T

of the particles in branch i is given in

general by

m2

Ti =
⇣q

p2

Ti + m2

pi +
q

q2

Ti + m2

qi

⌘
2

� (~p
Ti + ~q

Ti)
2

which in the case that mqi = mpi = 0 is the same as the one given in section 6.2.

A generalisation of m
T

, m
T2

, is defined as a minimisation over the allocation of ~pmiss

T

between ~q
Ta and ~q

Tb of the maximum of the corresponding m
Ta

or m
Tb

:

m
T2

⌘ min
~qTa+~qTb=~pmiss

T

{max(m
Ta, m

Tb)},

where one must make an assumption of mqa and mqb in the computation of mTa and

mTb. The result of the above minimisation is the minimum parent mass consistent

with the observed kinematic distributions under the inputs mqa and mqb . The variants

of m
T2

described below only di↵er in the measured particles, (assumed) unmeasured

particles, and choices for the input masses, mqa and mqb .

- Asymmetric m
T2

, am
T2

- Measured particles: For branch a, this is one of the b-jets and for branch b this

is the second b-jet and the charged lepton. The b-jets are identified based on the

highest b-tagging weights. Since there are two ways of assigning the b-tagged jets

to branches a and b, both m
T2

values are computed and the minimum kept for the

final discriminant.

- Unmeasured particles: For branch a, this is a W boson that decays leptonically,

with the charged lepton unidentified as such. The unmeasured particle for branch

b is the neutrino associated with the measured charged lepton.

- Input masses: mqa = mW = 80GeV and mqb = m⌫ = 0GeV.

- ⌧ -based m
T2

, m⌧
T2
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There is a class of variables which generalize the 
transverse mass to multiple invisible particles

‘Missed’ 
Particles

qa

With the appropriate choices of 
mqi, these variables have 

endpoints for the background

qb

pb

pa

(usual transverse mass)

11



mT2 for the stop 1L search
After ET

miss and mT requirements, dominant background has two leptons
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Mis-measurement can induce large ET
miss 

This motivated the ET
miss significance:

See 1303.7009 
 (BN and C. G. Lester)

with a baseline lepton. This complements the second-lepton veto, and helps to reject

tt̄ events with a one-prong ⌧
had

. Tracks are required to satisfy the following criteria:

p
T

> 10 GeV and |⌘| < 2.5, transverse and longitudinal impact parameters |d
0

| < 1 mm

and |z
0

| < 2 mm. The track isolation requires that there are no additional tracks

associated with the primary vertex with p
T

> 3 GeV in a cone of �R = 0.4 around the

track. Events with at least one isolated track of opposite charge compared to that of

the selected electron or muon in the event are rejected by the track-veto.

Multijet events can pass the event selection if a jet is mis-identified as a lepton or when

a real lepton from a heavy-flavour decay satisfies the isolation criteria, and if large Emiss

T

occurs due to mis-measured jets. The former is suppressed by the lepton isolation criteria,

while the following variables are used to reduce the latter e↵ect.

- ��(jeti, ~p
miss

T

), the azimuthal opening angle between jet i and ~pmiss

T

, is used to suppress

multijet events where ~pmiss

T

is aligned with a jet.

- Emiss

T

/
p

H
T

, where H
T

is defined as the scalar p
T

sum of the four leading jets, is an

approximation of the Emiss

T

significance.

- Emiss

T

/m
e↵

, where m
e↵

= H
T

+ p`
T

+ Emiss

T

.

- Hmiss

T,sig is an object-based missing transverse momentum, divided by the per-event reso-

lution of the jets. It is defined by

Hmiss

T,sig =
| ~Hmiss

T

| � M

�| ~Hmiss
T |

,

where ~Hmiss

T

is the negative sum of the jets and lepton vectors. The denominator

is computed from the per-event jet energy uncertainties, while the lepton is assumed

to be well-measured. The parameter M is chosen to be a characteristic ‘scale’ of the

background [130], and is fixed at 100 GeV in this analysis based on optimisation studies.

7 Signal selections

Signal selections are optimised using simulated samples only. The metric of the optimisa-

tion is to maximise the exclusion sensitivity for the various decay modes, and for di↵erent

regions of SUSY simplified model parameter space. A set of signal benchmark models,

selected to cover the various stop scenarios, was used for the optimisation considering all

studied discriminating variables and including statistical and systematic uncertainties. The

shape-fits employ multiple bins in one or two discriminating variables, which were selected

considering the signal and background separation potential, inter-variable correlations, sys-

tematic uncertainties, and modelling of the data.

Table 2 summarises all 15 signal regions with a brief description of the targeted signal

scenarios, the exclusion analysis techniques, and forward references to the tables which list

the event selection details. Four SRs target the t̃
1

! t�̃
0

1

decay. The corresponding SR

– 16 –

Including Resolution Information: 
Significance Variables
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Many other discriminating variables have been 
developed to suppress the two lepton background
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Recover sensitivity by fitting the shapes of kinematic variables

16

Compressed Spectra: Low ET
miss

Signal Resembles the Background

Exploit subtle 
differences

Bin the relevant distribution(s) with bins 
chosen to have a distribution of S/B
We have used 2D shape fits using 

 mT and one of ET
miss

 or amT2
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A highlight; for more details see the paper
veto b-jets

b pT

Tight Kinematic 
Selection

Multiple High 
pT b-jets

For low chargino-neutralino 
mass splitting, use soft 

leptons: pT > 6(7) GeV for e(µ)

!
Soft Leptons

Jets from initial 
state radiation (ISR)

!
Additionally, a shape 

fit in amT2 has an 
inclusive sensitivity

Large mbb
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Background Estimation    
Every SR has two 
dedicated Control 

Regions (CRs)

Top CR: invert 
mT < mW

for data-driven 
estimates of the 

dominant backgrounds

W+jets CR: invert 
mT < mW 

b-veto instead of b-tag

QCD multijets estimated in the data 
by loosening lepton isolation
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Shape Fits: Background Integrated into Fit

Every shape fit 
has regions which 

‘act’ like CRs

“top CR”

“W CR”

In the fit, they 
are treated like 
all other bins

Can normalize per 
ET

miss bin to 
maximize sensitivity

(Trade off syst for stat 
uncertainty)
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Figure 12. Left: Jet multiplicity distribution for events with one opposite charged electron-muon
pair and at least two jets of which one or more is b-tagged. Other processes include single top quark
production, tt̄ production in association with a vector boson, Z+jets, and diboson production.
Right: Missing transverse momentum where photons are treated as invisible particles (Ẽmiss

T

) for
an event selection of tt̄ + photon (described in the text). Both plots: The uncertainty band includes
all statistical and experimental uncertainties, and the last bins include overflows.

bles tt̄Z(! ⌫⌫̄) in terms of Feynman diagrams and kinematic properties when the vector

boson p
T

is well above mZ . The event selection is based on one isolated lepton, four or

more jets with at least one b-tag, one high-p
T

photon, as well as requirements on modified

versions of m
T

and Emiss

T

where photons are treated as invisible particles. Figure 12 (right)

compares data and background predictions, illustrating the accuracy of data modelling.

The sample of 104 events has a purity in tt̄� of more than 70%. The production of tt̄�

events is estimated using simulation, based on the same generator (MadGraph) as used

for the tt̄Z process, and normalised to the NLO theoretical cross-section [133].

9 Systematic uncertainties

The systematic uncertainties a↵ecting the results can be divided into two classes: uncer-

tainties due to theoretical predictions and modelling, and uncertainties stemming from

experimental e↵ects. The impact of both types of uncertainty is evaluated for all back-

ground and signal samples. Since the yields for the dominant background sources, tt̄ and

W+jets, are obtained in dedicated control regions, the modelling uncertainties for these

processes a↵ect only the extrapolation from the CRs into the signal regions (and between

TCR and WCR), but not the overall normalisation. The systematic uncertainties are in-

cluded as nuisance parameters and profiled in the likelihood fits. The nuisance parameters

are constrained by Gaussian terms with widths corresponding to the sizes of the system-

atic uncertainties. The e↵ects of the sources of uncertainties discussed in this section are
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Figure 11. The upper panel compares data with background predictions in each validation region
and a set of signal-depleted shape-fit bins. The lower panel shows the pull of the same bins. The tt̄

and W+jets background estimates are obtained using the background-only fit to the control regions
(described in the text). All statistical and systematic uncertainties are included.

background is normalised to match data in a b-veto control region.9

Another dedicated validation sample is constructed to test the background prediction

for tt̄ produced with a Z boson that decays to two neutrinos, tt̄Z(! ⌫⌫̄). This process

represents an irreducible background that becomes important for SRs with stringent re-

quirements on kinematic variables, such as tN high or tN boost. The validation strategy

is to select tt̄ events produced in association with a photon, tt̄�. This process closely resem-

9The W+jets background is normalised using the WCR associated with bCc diag, which requires three

or more jets with a jet pT selection similar to that used in the validation sample.
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104 events with  
over 70% purity!

Except for neutrinos and their mass, 
the Feynman diagrams are identical

At high pT, boson mass irrelevant so 
the yield of one can predict the other

Many theoretical and experimental 
uncertainties should cancel in the 

extrapolation to the SR

Define new mT and ET
miss variables 

with the photon treated as invisible

22



Additional Validation
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taus and isolated tracks 

show generally good 
modeling of the data
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t+Neutralino Results

Boosted top: 
large R jets
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leptons
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10-5 x top cross section
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Probably not; CMS 
sees a deficit where 
we see an excess



Stop Mixing
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42 and 66 GeV) compared to the small mass difference (with peaks occuring at 34.5, 37.5 and 40.5
GeV). Since, one puts cuts on the lepton kinematic variables to reduce the background from the
SM tops (which would have polarization zero) one sees that such cuts will be less effective for a left
polarized top and it will be even more so for the case of large mass differences. The distributions
for the transverse momentum of the lepton, shown in Fig. 12 shows similar features. For small mass
differences the transverse momentum distribution of a polarization of −1, 0 and +1 respectively
peaks at 24, 26 and 31 GeV. For large mass differences the distribution of a polarization of −1,
0 and +1 respectively peaks at 26, 42 and 66 GeV. In fact we also notice that the shifts in the
P l
T distributions are substantial compared to the possible effects which would come from changes

in the P t̃
T distribution coming from NLO effects [20, 74, 75] So, this effect needs to be taken into

account even in an analysis that neglects the NLO effects on the stop production.
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Figure 12: The distribution in PT of the lepton coming from the decay of the top quark. The left
graph represents benchmarks with a small mass difference and the right graph benchmarks with a
large mass differences between stop and neutralino.

Thus we clearly see that the current limits quoted on the stop quark mass from direct production,
using the tχ̃0

1 channel, will depend on the amount of top polarization and in addition the effect
of the mass difference mt − mχ̃0

1
. This needs to be kept in mind while assessing the limits being

quoted currently. The observation above also means that the searches for the stop with SUSY
parameters, which give rise to negatively polarized tops are in fact doubly challenged as the single
top background will also produce top quarks which are negatively polarized. Whereas for the case
of positively polarized top quarks being produced by SUSY, one can use the above distribution to
discriminate effectively against the background coming from single top quark production.

This also means that, in principle, information on the energy of the lepton may be used as a
‘measure’ of the parent top polarization. In fact, for heavily boosted top quarks, studying distribu-
tions in fractional energy of the decay lepton and b quark has been shown to carry information about
the top polarization [51]. In fact a recent study demonstrates their use for the case of hadronically
decaying tops, at the 14 TeV LHC [31]. It should be noted, however, as mentioned earlier, that
the energy distributions of the decay products can be affected by the anomalous tbW coupling and
hence are less robust a measure of the top polarization of the parent top quark, than the angular
observables [41,65]. We discuss these in the next subsection.
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For a left handed stop, Pt < 0

Lepton momentum anti-
aligned with the top:  
softer pT spectrum~ 50 GeV weaker limits 

for the left-handed stop 

4

TABLE II. Summary of the systematic uncertainties on ↵

`

P for
the CP conserving and CP violating fits in the combined channels.
The systematic uncertainties have been added in quadrature to
obtain the total uncertainty.

Source �↵

`

PCPC �↵

`

PCPV

Jet reconstruction +0.031 �0.031 +0.009 �0.005
Lepton reconstruction +0.006 �0.007 +0.002 �0.001
E

miss
T reconstruction +0.008 �0.007 +0.004 �0.001

tt̄ modeling +0.015 �0.016 +0.005 �0.013
Background modeling +0.011 �0.010 +0.005 �0.007

Template statistics +0.005 �0.005 +0.006 �0.006

Total systematic uncertainty +0.037 �0.037 +0.013 �0.017

charge asymmetry [38]. In addition, the W+jets template
is varied in shape and normalization by reweighting events
according to both the uncertainty in the associated heavy
quark production flavor fractions and the parameters of the
simulation of extra jets [39]. For the estimate of the sys-
tematic uncertainty due to events with non-prompt or fake
leptons, the templates are varied according to its uncertain-
ties in the matrix method inputs [29, 39]. The MC statisti-
cal uncertainty is taken into account by performing pseudo-
experiments, where the bin content of each template is var-
ied independently according to the uncertainty. Table II
summarizes the sources of systematic uncertainty and their
effect on ↵

`

P for the combined fit. The two largest un-
certainties come from jet reconstruction and MC model-
ing, both affecting the shape of the cos ✓

`

distribution. For
sources of systematic uncertainty that do not depend on
the lepton charge in the event, the uncertainty in the CP
violating scenario is greatly reduced. These uncertainties
push the fit parameters in opposite directions for the sam-
ples with different lepton charge, leading to a smaller total
uncertainty in the combination.

The results of the fit to the data in single-lepton and
dilepton channels are summarized in Table III. Figure 1
shows the fitted observable in the single-lepton and dilep-
ton final states with the CP conserving hypothesis, and
Fig. 2 shows the same observable in the CP violating hy-
pothesis. The deviation from the expected linear behavior
of the cos ✓

`

distributions is primarily a result of the detec-
tor acceptance.

The single-lepton and dilepton channels combined re-
sults are:

↵
`

PCPC = �0.035± 0.014(stat)± 0.037(syst) (2)

in the CP conserving scenario, and

↵
`

PCPV = 0.020± 0.016(stat)+0.013
�0.017(syst) (3)

in the CP violating scenario. The polarization in both sce-
narios agrees with the SM prediction of negligible polariza-
tion. The fitted �

tt̄

is in good agreement with the SM pre-
diction as obtained from NNLO QCD calculations [50, 51].

TABLE III. Summary of fitted ↵

`

P in the individual channels for
the CP conserving and CP violating fits. The uncertainties quoted
are first statistical and then systematic.

Channel ↵

`

PCPC ↵

`

PCPV

ee 0.12± 0.10+0.09
�0.12 �0.04± 0.12+0.18

�0.12

eµ �0.07± 0.04+0.05
�0.06 0.00± 0.04+0.05

�0.04

µµ �0.04± 0.06+0.07
�0.07 0.04± 0.07+0.06

�0.06

Dilepton �0.04± 0.03+0.05
�0.05 0.01± 0.03+0.04

�0.04

e+jets �0.031± 0.028+0.043
�0.040 0.001± 0.031+0.019

�0.019

µ+jets �0.033± 0.021+0.039
�0.039 0.036± 0.023+0.018

�0.017

`+jets �0.034± 0.017+0.038
�0.037 0.023± 0.019+0.012

�0.011

Combined �0.035± 0.014+0.037
�0.037 0.020± 0.016+0.013

�0.017
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FIG. 1. The result of the full combined fit to the data with the CP
conserving polarization hypothesis in (a) the single-lepton chan-
nel and (b) the dilepton channel, adding together electrons and
muons. It is compared to the polarization templates used and the
SM prediction of zero polarization. Positively charged leptons
are on the left, and negatively charged leptons on the right.

In conclusion, the first measurement of top quark polar-
ization in t¯t events has been performed for two different
scenarios with 4.7 fb�1 of proton–proton collision data at
7 TeV center-of-mass energy with the ATLAS detector at
the LHC. Single-lepton and dilepton final states have been
used and no deviation from the SM prediction of negligible
polarization is observed for either the CP conserving or CP

1307.6511

1212.3526

(true for a range of neutralino 
mass hypotheses)
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TABLE II. Summary of the systematic uncertainties on ↵

`

P for
the CP conserving and CP violating fits in the combined channels.
The systematic uncertainties have been added in quadrature to
obtain the total uncertainty.

Source �↵

`

PCPC �↵

`

PCPV

Jet reconstruction +0.031 �0.031 +0.009 �0.005
Lepton reconstruction +0.006 �0.007 +0.002 �0.001
E

miss
T reconstruction +0.008 �0.007 +0.004 �0.001

tt̄ modeling +0.015 �0.016 +0.005 �0.013
Background modeling +0.011 �0.010 +0.005 �0.007

Template statistics +0.005 �0.005 +0.006 �0.006

Total systematic uncertainty +0.037 �0.037 +0.013 �0.017

charge asymmetry [38]. In addition, the W+jets template
is varied in shape and normalization by reweighting events
according to both the uncertainty in the associated heavy
quark production flavor fractions and the parameters of the
simulation of extra jets [39]. For the estimate of the sys-
tematic uncertainty due to events with non-prompt or fake
leptons, the templates are varied according to its uncertain-
ties in the matrix method inputs [29, 39]. The MC statisti-
cal uncertainty is taken into account by performing pseudo-
experiments, where the bin content of each template is var-
ied independently according to the uncertainty. Table II
summarizes the sources of systematic uncertainty and their
effect on ↵

`

P for the combined fit. The two largest un-
certainties come from jet reconstruction and MC model-
ing, both affecting the shape of the cos ✓

`

distribution. For
sources of systematic uncertainty that do not depend on
the lepton charge in the event, the uncertainty in the CP
violating scenario is greatly reduced. These uncertainties
push the fit parameters in opposite directions for the sam-
ples with different lepton charge, leading to a smaller total
uncertainty in the combination.

The results of the fit to the data in single-lepton and
dilepton channels are summarized in Table III. Figure 1
shows the fitted observable in the single-lepton and dilep-
ton final states with the CP conserving hypothesis, and
Fig. 2 shows the same observable in the CP violating hy-
pothesis. The deviation from the expected linear behavior
of the cos ✓

`

distributions is primarily a result of the detec-
tor acceptance.

The single-lepton and dilepton channels combined re-
sults are:

↵
`

PCPC = �0.035± 0.014(stat)± 0.037(syst) (2)

in the CP conserving scenario, and

↵
`

PCPV = 0.020± 0.016(stat)+0.013
�0.017(syst) (3)

in the CP violating scenario. The polarization in both sce-
narios agrees with the SM prediction of negligible polariza-
tion. The fitted �

tt̄

is in good agreement with the SM pre-
diction as obtained from NNLO QCD calculations [50, 51].

TABLE III. Summary of fitted ↵

`

P in the individual channels for
the CP conserving and CP violating fits. The uncertainties quoted
are first statistical and then systematic.

Channel ↵
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PCPC ↵
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PCPV

ee 0.12± 0.10+0.09
�0.12 �0.04± 0.12+0.18

�0.12

eµ �0.07± 0.04+0.05
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�0.07 0.04± 0.07+0.06

�0.06

Dilepton �0.04± 0.03+0.05
�0.05 0.01± 0.03+0.04
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e+jets �0.031± 0.028+0.043
�0.040 0.001± 0.031+0.019

�0.019

µ+jets �0.033± 0.021+0.039
�0.039 0.036± 0.023+0.018

�0.017

`+jets �0.034± 0.017+0.038
�0.037 0.023± 0.019+0.012

�0.011

Combined �0.035± 0.014+0.037
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FIG. 1. The result of the full combined fit to the data with the CP
conserving polarization hypothesis in (a) the single-lepton chan-
nel and (b) the dilepton channel, adding together electrons and
muons. It is compared to the polarization templates used and the
SM prediction of zero polarization. Positively charged leptons
are on the left, and negatively charged leptons on the right.

In conclusion, the first measurement of top quark polar-
ization in t¯t events has been performed for two different
scenarios with 4.7 fb�1 of proton–proton collision data at
7 TeV center-of-mass energy with the ATLAS detector at
the LHC. Single-lepton and dilepton final states have been
used and no deviation from the SM prediction of negligible
polarization is observed for either the CP conserving or CP
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b+Chargino Results To show 2D exclusions, need a 
hypothesis on mchargino = f(mneutralino,mstop)

One common form is f(x,y)=2x 
(Gaugino Universality)

Soft b-jet pT spectrum 
3 jets (ISR) and veto b-jets
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mstop ~ mtop 
W off-shell, chargino acts as ‘W’ 

Looks like SM top!

Exploit Kinematic 
Shapes!

Fit in mT and amT2

Hard b-jet pT spectrum 
Require 2 b-jets with high pT 

Tight amT2 threshold

Why mLSP > 50 GeV?  
LEP limit for 
charginos is  
~ 100 GeV

W off-shell
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b+Chargino Results To show 2D exclusions, need a 
hypothesis on mchargino = f(mneutralino,mstop)

One common form is f(x,y)=2x 
(Gaugino Universality)

Soft b-jet pT spectrum 
3 jets and veto b-jets
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b+Chargino Results To show 2D exclusions, need a 
hypothesis on mchargino = f(mneutralino,mstop)

Another choice, f(x,y)=150 GeV 
(why 150?  Because > LEP limit)
[Many other choices for f in backup]
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Due to b-jet pT requirements and mbb, 
which effectively impose a minimum mass 
splitting between the stop and chargino

 [GeV]
T

Lepton p
10 15 20 25 30 35 40 45 50

Ev
en

ts
 / 

11
 G

eV

2

4

6

8

10

12

14

16

18 Data
tt
W+jets
Other
Total SM

)=(175,165,145) GeV0
1

r¾,±
1

r¾,1t
~m(

ATLAS
-1 L dt = 20 fb0 = 8 TeV, s

bCa_low

 [GeV]
1t
~m

200 300 400 500 600 700

 [G
eV

]
10

r¾
m

0

50

100

150

200

250

1
±r¾

 > m
1

0
r¾

m

 = 150 GeV
1
±

r¾
, m

1
0

r¾ (*) WA
1
±

r¾, 
1
±

r¾ b A 1t
~ production, 1t

~
1t

~

=8 TeVs, -1 L dt = 20 fb0
miss
T

1-lepton + jets + E

ATLAS bCa_low
bCa_med
bCb_med1
bCb_high

bCb_med2
bCc_diag
bCd_bulk
bCd_high2

 [GeV]bbm
0 50 100 150 200 250 300 350 4000

1000

2000

3000

4000

5000

6000

7000

8000
tSM t
 = 200 GeVstopm
 = 300 GeVstopm
 = 400 GeVstopm mbb > 150 GeV 

requirement 
Limits power  
at low mstop 

bCa_low/med use ISR in 
the selection and so  
limited to lower cross 

sections (stop masses)

Synergy of hard/soft 
lepton regions

Shape Fits in mT and amT2

Phase-Space Only

31



 [GeV]
1t
~m

300 400 500 600 700

 [G
eV

]
10

r¾
m

50

100

150

200

250

300

350

1

0
r¾

 = 2 m±

1
r¾

, m1
0

r¾+(*) WA1
±r¾, 1

±r¾ / b 1
0

r¾ t A1t
~ production, 1t

~
1t

~

)1
0

r¾ t A1t
~x = BR(

x = 0%
x = 25%
x = 50%
x = 75%
x = 100%

)
1

0
r¾

 = 2 m

1
±
r¾ ( m

1
±
r¾+m

b
 < m
1t~m

1
0

r¾

+mt
 < 

m
1t~

m

ATLAS

Expected limits Observed limits All limits at 95% CL

T
miss1-lepton + jets + E

=8 TeVs, -1 L dt = 20 fb0

32

Results: Mixed Decays Gaugino Universality: 
mchargino = 2 x mLSP

SR optimized for 
BR = 50%

b+Chargino 
Exclusion

t+Neutralino 
Exclusion

Generate events 
with one stop 

decaying to bC 
and one to tN

A superposition 
of the 100% BR  
models give the 
mixed models

Continuous exclusion between simplified models
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Results: pMSSM
M. Cahill-Rowley, J.L. Hewett, A. Ismail, and T.G. Rizzo 

produced a large scan of the 19 parameter pMSSM

Models required to get mh~125 GeV, saturate 
the DM relic density and have low FT.

~10k models with a 
neutralino LSP

We take a subset of 27 in 
three small mass ranges

Excluded at 95% CL

Less ‘simplified’, !
less sensitivity 



8 TeV ATLAS Stop Summary

One slide about the 
landscape of exclusion 
using other searches

34

1406.5375

ATLAS-CONF-2014-056

ATLAS has a comprehensive 
program in direct stop searches

Largest 
coverage 
with 1L

Top 
Cross 

Section

Top Spin 
Correlations

Stealth Stop from 
Top Properties

Can the stop hide from a bias in mtop
measured?   

See 1410.7025: T. Eifert & BN



Prospects for 14 TeV
At the higher stop masses, we will gain 

from higher cross sections and more data
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Long-term prospects

9
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Figure 5: The projected 5s discovery reach for a simplified model describing gluino production,
with each gluino decaying to a tt̄ pair and an LSP, for 300 fb�1 (dashed curves) and 3000 fb�1

(solid curves). The discovery reach is shown for hPUi = 0 (black) and hPUi = 140 (magenda).

those of events with larger b-tag multiplicities. To correct for any residual dependencies, we
assign correction factors (kCS) from simulation. The uncertainty of these factors is of the order
of 30% and mainly caused by the limited statistics of the Delphes samples.

Figure 5 illustrates the 5s discovery potential for a center-of-mass energy
p

s = 14 TeV and
an integrated luminosity of 300 fb�1 and 3000 fb�1. The discovery range of gluinos can be
enhanced by 300 GeV for from 300 fb�1 to 3000 fb�1 up to 2.2 TeV, for a c0

1 with mass of up to
1.2 TeV. The mass reach is mitigated due to pileup by about 100 GeV.

5 EWKino search with final states including three leptons and

missing transverse energy

Searches for the direct electroweak production of SUSY particles are challenging at the LHC
due to its low production cross section and low hadronic activities in the event. The mass reach
for weakly-produced SUSY particles is generally weaker than that for the strongly-produced
SUSY particles; however, the large integrated luminosity expected from HL-LHC would allow
extending our sensitivity to weakly-produced SUSY particles significantly. In this section, fu-
ture sensitivities of the analysis designed to discover the direct production of charginos (c±

1 )
and neutralinos (c0

2), that decay via a W and Z boson, are presented based on a CMS 8 TeV
search [12]. Depending on the actual flavor structure of the c0

2, the concurrent c0
2 decay mode

can also be c0
2 ! Hc0

1. However, as a baseline for this study we assume the simplified model
presented in Fig. 6 with Br(c0

2 ! Zc0
1) = 100%. In order to reduce the background as efficiently

as possible, we concentrate on the decays where both bosons decay leptonically, leading to a
final state with three leptons.

We select muons and electrons with a transverse momentum of at least pT > 10 GeV. The
leading lepton is required to have pT > 20 GeV, corresponding to the trigger thresholds in
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CMS and ATLAS studied long-term prospects for the (HL) LHC. 

• with 300 and 3000 /fb at 14 TeV 

• searches for gluino-mediated stop production reach beyond 2 TeV 

• searches for direct stop production reach well beyond 1 TeV
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There will be new challenges, as the top 
cross section also increases; objects are 
more boosted and formerly subdominant 

backgrounds are now important



Conclusions
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Stay tuned for 13 TeV 
results next year!

We have searched 
extensively for a natural 

stop using the 8 TeV 
ATLAS dataset

We have developed 
many new techniques to 
search for stops in the 
range ~200-700 GeV

No evidence* 
(yet) of SUSY

Many regions of simplified and  
not-so-simplified parameter space excluded

*For a meta-analysis of LHC SUSY searches, see 1410.2270: BN & T. Rudelius
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Large Radius Jets
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Figure 4. Diagram depicting the jet trimming procedure.

Figure 5. Diagram illustrating the pruning procedure.

Six configurations of trimmed jets are studied here, arising from combinations of f
cut

and R
sub

, given in table 1. They are based on the optimized parameters in ref. [12]

(f
cut

= 0.03, R
sub

= 0.2) and variations suggested by the authors of the algorithm. This

set represents a wide range of phase space for trimming and is somewhat broader than

considered in ref. [12].

Pruning: the pruning algorithm [3, 11] is similar to trimming in that it removes con-

stituents with a small relative p
T

, but it additionally applies a veto on wide-angle radiation.

The pruning procedure is invoked at each successive recombination step of the jet algo-

rithm (either C/A or kt). It is based on a decision at each step of the jet reconstruction

whether or not to add the constituent being considered. As such, it does not require the

reconstruction of subjets. For all studies performed for this paper, the kt algorithm is used

in the pruning procedure. This results in definitions of the terms wide-angle or soft that

are not directly related to the original jet but rather to the proto-jets formed in the process

of rebuilding the pruned jet.

The procedure is as follows:

• The C/A or kt recombination jet algorithm is run on the constituents, which were

found by any jet finding algorithm.

• At each recombination step of constituents j
1

and j
2

(where pj1
T

> pj2
T

), either

pj2
T

/pj1+j2
T

> z
cut

or �Rj1,j2 < R
cut

⇥ (2mjet/pjet
T

) must be satisfied. Here, z
cut

and R
cut

are parameters of the algorithm which are studied in this paper.

– 10 –
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Jet mass squared = sum of the 
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aMT2 [GeV]
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1
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Why low amT2 for 3body?

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

m[π]

m[χ1
+] - m[χ1

0]

mT4 ee
mT3 eπ
mT2 ππ

mTX(m[χ1
0]) - m[χ1

0] / GeV

Figure 3: Simulations of mTX(mχ0
1
)−mχ0

1
for X = 2, 3, 4 using a

simple phase-space Monte-Carlo generator program for a pair of
decays q̃ → χ+

1 q followed by χ+
1 → χ0

1 π or χ+
1 → χ0

1 e νe. As the
number of invisible particles increases, the proportion of events
near the upper limit decreases. Within the figure, subscripts are
indicated by square brackets.

those containing one of the following:

χ±
1 χ±

1 → {π±χ0
1π

±χ0
1, or e±νχ0

1π
±χ0

1, or e±νχ0
1e

±νχ0
1} .

The events had been produced by a phase-space-only Monte-Carlo generator.
Three distributions of the quantity mTX , defined in (14), were then generated
from each of these sets of events. Using the number of missing particles to
categorise these events, the values of mTX measured in each case are referred
to as mT2, mT3 and mT4. The resulting distributions for mTX(mχ0

1
) − mχ0

1

are shown in figure 3.
It has already been mentioned that a key property of mT2 is that the

kinematic endpoint of its distribution occurs at mmax
T2 (mχ0

1
) = mχ+

1
and so

it is reassuring to see in figure 3 that a large number of events reach this
endpoint. In the vicinity of the endpoint, the edge is seen to be sharp and
near vertical. This shows that at the partonic level a measurement of mmax

T2

would provide an excellent constraint on the masses of the sparticles involved.

9

x

f(x
)

f1
f2

x
f(x
)

f1
f2

x

f(x
)

f1
f2

(a) (b) (c)

Figure 7: A diagram demonstrating that the minimisation over
some parameter of the maximum of two well-behaved functions
may occur either at (a) a minimum value of one of them, or (b)
when they are equal, or (c) at the boundary of the domain.

3.3 Extremal values of mT 2

In this section, we show that the maximum value which mT2(mχ0
1
) can attain,

for a given set of particle masses, is indeed the mass of the initial sparticle.6

We start from definition (8). We also describe the region of decay-phase-
space which contains events which occur close to this kinematic endpoint.

To find the range of values mT2 may take we first let f1 = m2
T (pπ(1)

T , /q(1)
T ; mχ0

1
),

and f2 = m2
T (pπ(2)

T , /q(2)
T ; mχ0

1
). We then note that the minimum over a pa-

rameter x of the maximum of f1(x) and f2(x) can occur at a local minimum,
f ′

1(2)(x
∗) = 0, provided f1(2)(x∗) > f2(1)(x∗), as shown in figure 3.3a. Alter-

natively the minimum can occur when the functions cross one another when
f1 = f2 (figure 3.3b) or at a boundary (figure 3.3c). The parameter x corre-
sponds to the fraction of the the missing momentum (in one of the transverse
directions) which is assigned to each half of the event. Since f1, f2 → ∞ as
x → ±∞ figure 3.3c is not relevant to our minimisation problem.

To find which of (a) or (b) is pertinent, consider an unconstrained min-

energy-momentum vector B. (This is the B which was originally defined in (29) and whose√
s value was selected by the minimisation process in (25).)
6Up to this point, within the context of the AMSB example, it has only been shown

that mT2(mχ0
1
) is bounded above by mχ+

1
. It has not yet been shown that mT2 can attain

this bound. The purpose of this section is to show that it can.
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pMSSM Models Mass [GeV] Branching ratio t̃
1

!
t̃
1

�̃0

1

�̃0

2

�̃0

3

�̃±
1

�̃±
2

t�̃0

1

t�̃0

2

t�̃0

3

b�̃±
1

b�̃±
2

[T
11

]2 [N
11

]2

404 40 221 230 220 1073 0.09 0.01 0.09 0.81 0.00 0.53 0.96
404 44 324 445 325 471 0.16 0.00 0.00 0.84 0.00 0.98 0.99
407 46 368 372 367 1515 0.74 0.00 0.00 0.26 0.00 0.02 0.98
408 49 187 207 188 376 0.02 0.31 0.23 0.41 0.04 0.97 0.95
409 39 211 212 206 1768 0.05 0.24 0.02 0.68 0.00 0.56 0.95
409 49 180 190 179 795 0.02 0.22 0.17 0.59 0.00 0.99 0.94
410 40 232 253 234 427 0.11 0.25 0.00 0.64 0.00 0.96 0.97
410 43 387 396 386 889 0.88 0.00 0.00 0.12 0.00 0.01 0.99
413 42 197 367 197 385 0.03 0.10 0.00 0.85 0.02 0.95 0.98
413 45 373 406 374 508 0.32 0.00 0.00 0.68 0.00 0.99 0.99
414 45 194 440 195 453 0.03 0.14 0.00 0.83 0.00 0.96 0.99
416 45 394 397 393 1975 0.90 0.00 0.00 0.10 0.00 0.99 0.99
417 46 333 350 335 573 0.65 0.00 0.00 0.35 0.00 0.96 0.98
418 39 206 209 202 1779 0.09 0.05 0.28 0.59 0.00 0.47 0.95

546 46 292 310 292 520 0.02 0.28 0.24 0.44 0.01 0.98 0.98
547 46 346 374 346 500 0.12 0.49 0.00 0.22 0.16 0.93 0.98
550 40 225 235 225 760 0.02 0.28 0.24 0.46 0.00 0.98 0.96
551 43 351 366 351 621 0.07 0.38 0.21 0.35 0.00 0.98 0.99
552 41 249 275 252 420 0.02 0.20 0.21 0.44 0.13 0.98 0.97
552 42 332 337 331 1496 0.05 0.47 0.35 0.13 0.00 0.99 0.98
552 43 346 350 344 1501 0.08 0.27 0.52 0.13 0.00 0.97 0.98
552 43 385 397 385 731 0.36 0.00 0.00 0.64 0.00 0.97 0.99
554 44 439 445 439 1007 0.21 0.00 0.00 0.79 0.00 0.99 0.99
555 47 279 287 280 933 0.04 0.54 0.38 0.04 0.00 0.97 0.97

553 147 169 444 168 455 0.31 0.12 0.00 0.27 0.30 0.07 0.93
554 151 195 207 191 1969 0.09 0.35 0.43 0.12 0.00 0.88 0.68
546 154 210 213 200 434 0.07 0.40 0.34 0.05 0.14 0.86 0.70

Table 1. Properties of the 27 selected pMSSM models. The table contains the masses of the stop,
of neutralinos and of the charginos, the branching ratios of the stop decays, the t̃

L

content of the
t̃
1

([T
11

]2, with T being the stop mixing matrix) and the bino content of the �0

1

([N
11

]2, with N

being the neutralino mixing matrix).

are removed [106]. Only jets with p
T

> 20 GeV are considered. After the overlap removal

procedure (described below), jets are required to have |⌘| < 2.5.

A second collection of anti-kt jets reconstructed with R = 1.0 is used to collect colli-

mated decay products of high-p
T

top quarks and W bosons; these jets are referred to as

large-R jets [107]. The energy calibration is based on the same strategy as used for the

jets with R = 0.4 [107]. Jet trimming [108] is applied with a kt sub-jet size R
sub

= 0.3

and a transverse momentum of the sub-jet relative to the large-R jet, f
cut

, greater than

0.05. Large-R jets are required to have p
T

> 150 GeV and |⌘| < 2.0. The invariant mass of

large-R jets is obtained from the energy and momentum of the jet constituents (themselves

treated as massless) after the trimming procedure. In addition to the energy calibration,

a mass calibration is applied to both data and simulation that accounts for di↵erences

– 11 –
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Soft Lepton Selections
bCa low bCa med bCb med1 bCb high

Preselection soft-lepton preselection, cf. table 3.

Lepton = 1 soft lepton = 1 soft lepton with p
T

< 25 GeV

Jets � 2 with � 3 with � 2 with

p
T

> 180, 25 GeV p
T

> 180, 25, 25 GeV p
T

> 60, 60 GeV

Jet veto – H
T,2 < 50 GeV –

b-tagging � 1b-tag amongst sub-leading jets (70% e↵.) Leading two jets b-tagged (60% e↵.)

b-veto 1st jet not b-tagged (70% e↵.) –

mbb – > 150 GeV

Emiss

T

> 370 GeV > 300 GeV > 150 GeV > 250 GeV

Emiss

T

/m
e↵

> 0.35 > 0.3 –

m
T

> 90 GeV > 100 GeV –

Exclusion setup: shape-fit

4 bins in lepton p
T

range [6(7), 50] GeV 6 bins in am
T2

range [0, 500]GeV

Discovery setup

lepton p
T

< 25 GeV am
T2

> 170 GeV am
T2

> 200 GeV

Table 5. Selection criteria for soft-lepton SRs, employed to search for t̃
1

! b�̃
±
1

decays. The two
leftmost/rightmost SRs target mass hierarchies (a)/(b), illustrated in figure 4.

signal acceptance losses, but tighter Emiss

T

and Emiss

T

/m
e↵

thresholds are applied to keep

the W+jets and multijet backgrounds suppressed. Figure 8 compares data with estimated

backgrounds in the lepton p
T

and Emiss

T

/m
e↵

distributions. Events in these distributions

are required to satisfy the soft-lepton preselection criteria (cf. table 3), have m
T

> 40 GeV,

and contain two or more jets (p
T

> 130, 25 GeV) of which the leading one must not be

b-tagged while the sub-leading one is required to be b-tagged. The overlaid stop bench-

mark model motivates the selection of low-p
T

leptons, and the background estimates show

the non-negligible contribution from multijet events (with mis-identified leptons). The tt̄

and W+jets backgrounds are normalised using control regions, the multijet background is

estimated directly from data, and all other backgrounds are normalised to their theoretical

predictions (as described in section 8).

Exclusion results are obtained using a shape-fit in the lepton p
T

variable with four bins

of approximately uniform widths in the range [6(7), 50] GeV for muons (electrons). For

model-independent results, the cut-and-count approach is used with an additional lepton

p
T

< 25 GeV requirement.

– 24 –
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b+Chargino Lepton Selections

bCb med2 bCc diag bCd bulk bCd high1 bCd high2

Preselection Default preselection criteria, cf. table 3.

Lepton = 1 lepton = 1 lepton with |⌘(`)| < 1.2 = 1 lepton

Jets � 4 with � 3 with � 4 with � 4 with

p
T

> 80, 60, 40, 25 GeV p
T

> 80, 40, 30 GeV p
T

> 80, 60, 40, 25 GeV p
T

> 80, 80, 40, 25 GeV

b-tagging / veto � 2 (80% e↵.) with = 0 (70% e↵.) with � 1 (70% e↵.) with � 2 (80% e↵.) with � 2 (80% e↵.) with

p
T

> 140, 75 GeV p
T

> 25 GeV p
T

> 25 GeV p
T

> 75, 75 GeV p
T

> 170, 80 GeV

Emiss

T

> 170 GeV > 140 GeV > 150 GeV > 160 GeV

m
T

> 60 GeV > 120 GeV > 60 GeV > 120 GeV

Emiss

T

/
p
H

T

> 6 GeV1/2 > 5 GeV1/2 > 7 GeV1/2 > 9 GeV1/2 > 8 GeV1/2

am
T2

> 80 GeV – > 80 GeV > 200 GeV > 250 GeV

Track, ⌧ -veto track & loose ⌧ -veto – track & loose ⌧ -veto

�R(j
1

, `) – 2 [0.8, 2.4] –

��(jet, ~pmiss

T

) > 0.8 (1st and 2nd jet) > 2.0 (1st jet), > 0.8 (2nd jet) > 0.8 (1st and 2nd jet)

Exclusion setup shape-fit in m
T

and am
T2

, cut-and-count shape-fit in m
T

and am
T2

, cut-and-count

cf. figure 9. cf. figure 9.

Discovery setup test signal-sensitive bins. cut-and-count test signal-sensitive bins. cut-and-count

Table 6. Selection criteria for SRs employed to search for t̃
1

! b�̃
±
1

decays. The first SR targets mass hierarchy (b), the next SR is designed for
mass hierarchy (c), and the last three SRs are optimised for mass hierarchy (d), as illustrated in figure 4.

–
27

–
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3body and Mixed SRs
tNbC mix 3body

Preselection Default preselection criteria, cf. table 3.

Lepton = 1 lepton

Jets � 4 jets with p
T

> 80, 70, 50, 25 GeV � 4 jets with p
T

> 80, 25, 25, 25 GeV

b-tagging � 1 b-tag (70% e↵.) with p
T

> 60 GeV � 1 b-tag (70% e↵.) with p
T

> 25 GeV

Emiss

T

> 270 GeV > 150 GeV

m
T

> 130 GeV > 60 GeV

am
T2

> 190 GeV > 80 GeV

topness > 2 �

mjjj < 360 GeV �

Emiss

T

/
p
H

T

> 9 GeV1/2 > 5 GeV1/2

⌧ -veto loose

��(jeti, ~p
miss

T

) > 0.6 (i = 1, 2) > 0.2 (i = 1, 2)

��(`, ~pmiss

T

) > 0.6 > 1.2

�R(`, jeti) < 2.75 (i = 1) > 1.2 (i = 1), > 2.0 (i = 2)

�R(`, b-jet) < 3.0 �

Exclusion setup cut-and-count shape-fit in m
T

and am
T2

, cf. figure 6.

Discovery setup cut-and-count test signal-sensitive bins one-by-one.

Table 7. Selection criteria for the two SRs employed to search for the mixed t̃
1

! t�̃
0

1

and t̃
1

! b�̃
±
1

decay scenario (left), and the three-body decay, t̃
1

! bW �̃0

1

(right).

reconstruction thresholds. The event selection is based on one lepton with p
T

> 25 GeV and

four or more jets, of which at least one is required to be b-tagged. While the semileptonic

tt̄ and W+jets backgrounds are suppressed for m
T

> mW , the dileptonic tt̄ background is

separated from signal in the very low am
T2

regime. The three-body signal peaks in am
T2

below around 100 GeV due to the kinematic construction of the variable and the fact that

m(t̃
1

) � m(�̃
0

1

) is below the top quark mass. A two-dimensional shape-fit technique using

the m
T

and am
T2

variables is employed, similar to that used in bCd bulk and bCb med2,

but with di↵erent binning. The configuration is illustrated in figure 6(right plot). Fine

binning is used in the low am
T2

region where the highest signal sensitivity is obtained. The

full 3body event selection (detailed in table 7) is applied to all events distributed amongst

16 mutually exclusive bins, but the b-tag requirement is inverted for the W+jets control

region bins.

The four-body decay scenario is characterised by events with final state objects that

– 29 –
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top+Neutralino SRs
tN diag tN med tN high tN boost

Preselection Default preselection criteria, cf. table 3.

Lepton = 1 lepton

Jets � 4 with p
T

> � 4 with p
T

> � 4 with p
T

> � 4 with p
T

>

60, 60, 40, 25 GeV 80, 60, 40, 25 GeV 100, 80, 40, 25 GeV 75, 65, 40, 25 GeV

b-tagging � 1 b-tag (70% e↵.) amongst four selected jets

large-R jet – � 1, p
T

> 270 GeV

and m > 75 GeV

��(jetlarge-R
2

, ~pmiss

T

) – > 0.85

Emiss

T

> 100 GeV > 200 GeV > 320 GeV > 315 GeV

m
T

> 60 GeV > 140 GeV > 200 GeV > 175 GeV

am
T2

– > 170 GeV > 170 GeV > 145 GeV

m⌧
T2

– – > 120 GeV –

topness – – – > 7

m
had�top

2 [130, 205] GeV 2 [130, 195] GeV 2 [130, 250] GeV

⌧ -veto tight – – modified, see text.

�R(b-jet, `) < 2.5 – < 3 < 2.6

Emiss

T

/
p
H

T

> 5 GeV1/2 –

Hmiss

T,sig – > 12.5 > 10

��(jeti, ~p
miss

T

) > 0.8 (i = 1, 2) > 0.8 (i = 2) – > 0.5, 0.3 (i = 1, 2)

Exclusion setup shape-fit in m
T

and cut-and-count

Emiss

T

, cf. figure 6.

Discovery setup test signal-sensitive cut-and-count

bins one-by-one.

Table 4. Selection criteria for SRs employed to search for t̃
1

! t�̃
0

1

decays. The details of the
exclusion and discovery setups can be found in section 10.

selection assumes that either all decay products of the hadronically decaying top quark,

or at least the decay products of the hadronically decaying W boson, collimate into a jet

with a radius of . 1.0. Figure 7 shows some of the relevant large-R jet related distri-

butions. The overlaid heavy stop benchmark model illustrates the separation power of

the variables. The cut-and-count event selection of tN boost requires at least one large-

– 21 –
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Validation Regions
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Figure 11. The upper panel compares data with background predictions in each validation region
and a set of signal-depleted shape-fit bins. The lower panel shows the pull of the same bins. The tt̄

and W+jets background estimates are obtained using the background-only fit to the control regions
(described in the text). All statistical and systematic uncertainties are included.

background is normalised to match data in a b-veto control region.9

Another dedicated validation sample is constructed to test the background prediction

for tt̄ produced with a Z boson that decays to two neutrinos, tt̄Z(! ⌫⌫̄). This process

represents an irreducible background that becomes important for SRs with stringent re-

quirements on kinematic variables, such as tN high or tN boost. The validation strategy

is to select tt̄ events produced in association with a photon, tt̄�. This process closely resem-

9The W+jets background is normalised using the WCR associated with bCc diag, which requires three

or more jets with a jet pT selection similar to that used in the validation sample.
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Results
Region Obs. Exp. bkg. p

0

N
non�SM

�
vis

[fb]
Obs. Exp. Obs. Exp.

tN med 12 13.0 ± 2.2 � 0.5 8.5 9.2 0.4 0.5
tN high 5 5.0 ± 1.0 � 0.5 6.0 6.0 0.3 0.3
tN boost 5 3.3 ± 0.7 0.17 7.0 5.3 0.3 0.3

bCa low 11 6.5 ± 1.4 0.08 12.2 7.8 0.61 0.92
bCa med 20 17 ± 4 0.33 14.4 12.3 0.72 0.68
bCb med1 41 32 ± 5 0.12 23.5 16.0 1.17 0.88
bCb high 7 9.8 ± 1.6 � 0.5 6.5 7.9 0.32 0.22
bCc diag 493 470 ± 50 0.27 110.6 95.1 5.4 4.7
bCd high1 16 11.0 ± 1.5 0.09 13.2 8.5 0.7 0.4
bCd high2 5 4.4 ± 0.8 0.36 6.3 5.7 0.3 0.3

tNbC mix 10 7.2 ± 1.0 0.13 9.7 7.0 0.5 0.3

tN diag

125 < Emiss

T

< 150 GeV, 120 < m
T

< 140 GeV 117 136 ± 22 � 0.5 42.1 55.7 2.1 2.7
125 < Emiss

T

< 150 GeV, m
T

> 140 GeV 163 152 ± 20 0.35 55.4 47.8 2.7 2.4
Emiss

T

> 150 GeV, 120 < m
T

< 140 GeV 101 98 ± 13 0.43 36.1 33.9 1.8 1.7
Emiss

T

> 150 GeV, m
T

> 140 GeV 217 236 ± 29 � 0.5 58.7 71.4 2.9 3.5

bCb med2

175 < am
T2

< 250 GeV, 90 < m
T

< 120 GeV 10 12.1 ± 2.0 � 0.5 7.3 8.8 0.4 0.4
175 < am

T2

< 250 GeV, m
T

> 120 GeV 10 7.4 ± 1.4 0.10 9.7 7.3 0.5 0.4
am

T2

> 250 GeV, 90 < m
T

< 120 GeV 16 21 ± 4 � 0.5 9.3 12.3 0.5 0.6
am

T2

> 250 GeV, m
T

> 120 GeV 9 9.1 ± 1.6 � 0.5 7.7 7.8 0.4 0.4

bCd bulk

175 < am
T2

< 250 GeV, 90 < m
T

< 120 GeV 144 133 ± 22 0.29 36.1 33.9 1.8 1.7
175 < am

T2

< 250 GeV, m
T

> 120 GeV 78 73 ± 8 0.34 58.7 71.4 2.9 3.5
am

T2

> 250 GeV, 90 < m
T

< 120 GeV 61 66 ± 6 � 0.5 17.5 20.9 0.9 1.0
am

T2

> 250 GeV, m
T

> 120 GeV 29 26.5 ± 2.6 0.34 14.8 12.6 0.7 0.6

3body

80 < am
T2

< 90 GeV, 90 < m
T

< 120 GeV 12 16.9 ± 2.8 � 0.5 7.3 9.9 0.4 0.5
80 < am

T2

< 90 GeV, m
T

> 120 GeV 8 8.4 ± 2.2 � 0.5 7.9 7.8 0.4 0.4
90 < am

T2

< 100 GeV, 90 < m
T

< 120 GeV 29 35 ± 4 � 0.5 11.7 14.7 0.6 0.7
90 < am

T2

< 100 GeV, m
T

> 120 GeV 22 29 ± 5 � 0.5 55.4 47.8 2.7 2.4

Table 11. Columns two to four show the numbers of observed events in the eleven cut-and-count
and four shape-fit signal regions together with the expected numbers of background events (as
predicted by the background-only fits) and the probabilities, represented by the p

0

values, that the
observed numbers of events are compatible with the background-only hypothesis. The p

0

values are
obtained with pseudo-experiments with the exception of the shape-fit bins where only the smallest p

0

is derived with pseudo-experiments while the others are calculated from asymptotic formulae [143].
The p

0

value is set to 0.5 whenever the number of observed events is below the number of expected
events. Columns five to eight show the 95% CL upper limits on the number of beyond-SM events
(N

non�SM

) and on the visible signal cross-section (�
vis

= �
prod

⇥A⇥✏). The observed and (median)
expected limits are given for a generic model without uncertainties other than on the luminosity.

e�ciency (✏) and production cross-section (�
prod

); it is obtained by dividing the upper limit

on the number of beyond-SM events by the integrated luminosity.
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b+Chargino Results To show 2D exclusions, need a 
hypothesis on mchargino = f(mneutralino,mstop)

Another choice, f(x,y)=106 GeV 
(why 106?  Because ~ LEP limit)
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b+Chargino Results To show 2D exclusions, need a 
hypothesis on mchargino = f(mneutralino,mstop)

Another choice, f(x,y)=x+5 GeV
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b+Chargino Results To show 2D exclusions, need a 
hypothesis on mchargino = f(mneutralino,mstop)
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Another choice, f(x,y)=x+20 GeV

49



b+Chargino Results To show 2D exclusions, need a 
hypothesis on mchargino = f(mneutralino,mstop)
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Can this explain 
the WW excess 

(and other 
excesses)?  
see arXiv:
1406.0858



b+Chargino Results mstop = 300 GeV
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A Sneaky Light Stop 

Till Eifert (CERN) and BN 
arXiv:1410.7025
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The stealth stop is difficult: looks like the SM!

mstop~mtop
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The stealth stop is difficult: looks like the SM!

One way forward: Precision top quark 
properties to complement direct searches
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Figure 1: The NLO+NLL stop pair production cross section at the Tevatron (left) and 7 TeV
LHC (right) as a function of the stop mass. The values of tt cross sections are indicated as
well. For more details, see appendix B.1.

Light stops in theories of gauge-mediated supersymmetry breaking (GMSB) are an espe-
cially interesting and motivated possibility. As is well known, gauge mediation is an appealing
supersymmetric scenario: it automatically solves the flavor problem, and it generates phe-
nomenologically viable soft masses. In such theories, the lightest superpartner (LSP) is always
a nearly-massless gravitino G̃. Assuming R-parity, the next-to-lightest superpartner (NLSP)
decays in a universal fashion to the gravitino plus its Standard Model partner. Recently, a
model-independent framework for general gauge mediation (GGM) was established in [5, 6].
In GGM, essentially any MSSM superpartner can be the NLSP. So it is interesting to consider
the case that the NLSP is the lightest stop t̃. The dominant decay of the stop in such a
scenario is

t̃ → W+bG̃ (1.1)

Intriguingly, despite the fact that this possibility has been known for more than a decade [7,
8, 9], no searches have addressed it explicitly. And this scenario is far from being obviously
excluded.

In this paper, we will focus on the following simple question: how light can the stop NLSP
be without being in conflict with existing data? In particular, can the stop be lighter than the
top? Since the stop is colored, stop-antistop pairs have sizeable production cross sections at
hadron colliders, especially if the stop is light. Still, they can be missed if their decay products
have a large Standard Model background. Indeed, tt production (where t → W+b) has a very
similar signature to t̃t̃∗ production, with a much larger cross section (see figure 1). Meanwhile
the uncertainties on the top cross section, both experimental and theoretical, are of the order
of 10%. As a result, the stop signal may not stand out in tt cross section measurements that
use simple cuts and event counting. On the other hand, more sophisticated measurements of

2



55

1406.5375 ATLAS-CONF-2014-056

Top Spin 
Correlations

ATLAS is leading the community on this front: measurements 
in both cases are used to constrain light stops
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Cross 
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Important Assumption: mtop is known

If there are light stops, they could bias 
the top mass measurement

The top mass is a parameter of the SM 
Lagrangian, so we can’t use this to find stops

But the cross section prediction 
depends strongly on the mass!
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cross-sections at NLO+NLL precision for the LHC8 [18], LHC14 [19], and Tevatron [20] settings.4

The LHC8 and LHC14 t̃1 pair production cross-sections are provided with a fine granularity in m

t̃1
,

while for the Tevatron the m
t̃1

variations are obtained following the approach described in ref. [21].
For comparison, the values for a stop quark mass of m

t̃1
= 175GeV are 36.8 pb (LHC8), 143.4 pb

(LHC14), and 0.70 pb (Tevatron).

The events are reconstructed using the RIVET 1.8.2 framework [22] and jets are clustered using
FASTJET 3.0.6 [23] with the anti-k

t

algorithm [24] and radius parameter R = 0.4. Stable particles
(excluding electrons and muons) with p

T

> 500MeV and |⌘| < 5 are clustered into jets. Jets are b-
tagged5 by identifying b-hadrons from the Monte Carlo truth record within a �R =

p
��

2 +�⌘

2

cone of 0.4 of the jet axis. Events are selected which have a single electron or muon (lepton) in the
final state in order to identify tt̄ decays where one of the W bosons from the t ! bW decays into
leptons and the other decays hadronically. We require at least four jets with p

T

> 25GeV and at
least two must be b-tagged. Leptons are required to have p

T

> 25GeV and be at least �R > 0.4
from any jet. The missing transverse momentum is the negative of the vector sum of all stable
particles within |⌘| < 5. Three jets j1, j2, b1, exactly one with a b-tag (b1), are associated with the
hadronically decaying top quark by minimizing the following �

2:

�

2 =
(m

j1j2b1 �m

b2l⌫)
2

(20 GeV)2
+

(m
j1j2 �m

W

)2

(10 GeV)2
,

where j

i

are from the set of all non b-tagged jets with p

T

> 25GeV, b1 and b2 are the highest p
T

b-tagged jets (not necessarily in order), m
W

⇠ 80GeV, and the neutrino four-vector is determined
from the missing transverse momentum in the x and y coordinates and by requiring m

l⌫

= m

W

for the z component.6 A variable sensitive to the top quark mass is then given by m

jjj

⌘ m

j1j2b1 .
Figure 1 shows the distribution of m

jjj

for SM tt̄ production with mtop = 172.5GeV along with
the same distribution for t̃1 pair production with a two-body t̃1 ! t

�̃

0
1 decay with m

t̃1
= 175GeV

(and mtop = 172.5GeV), and a three-body decay t̃1 ! bW

�̃

0
1 for m

t̃1
= 170GeV. In all SUSY

scenarios considered, the lightest neutralino is assumed to be massless. The SUSY distributions are
significantly different than the one for SM tt̄. For the three-body decay this is because of the lack
of a resonant top quark. Even for the two-body stop decay, which contains a resonant top quark, the
distribution is shifted to slightly lower values due to the finite widths of both the stop and the top
(the top quark Breit Wigner is skewed low).

Due to the differences in kinematic distributions, the probability of passing the selection will also
vary by process. In the cases with a resonant top quark the efficiency for direct stop pair production
is very similar to tt̄, but the three-body model has a softer p

T

spectrum and so has a lower probability
of passing the kinematic selection (⇠ 60% lower).

One way of measuring the top quark mass is to measure the average value of m
jjj

in some window
and then relate this average to the true top quark mass via simulation. We use a window of 100–
200GeV and the calibration curve which relates the measured value of hm

jjj

i to the top quark mass

4 The k-factor from NLO+NLL to NNLO+NNLL for the SM tt̄ process is at the per cent-level (see ref. [17]).
Hence, applying this k-factor to the stop signal (in order to treat both processes on the same footing) would not
change the results.

5We do not emulate an efficiency loss ✏ or mistag rate m. Such effects do not have a big impact and
are similar between signal and background. So long as the two true b-jets are leading and subleading, the
probability to choose a tagged jet which is not a true b-jet is ⇠ 4(1� ✏)m ⇠ 1%.

6The solution to ml⌫ = mW is quadratic in the neutrino pz and the value corresponding to the smaller �2

is used. In some cases, there is no solution to the quadratic equation in which case the neutrino pz is set to zero.
The neutrino is assumed to be massless.

3

To quantify the 
existence of sneaky 

stops, we simulate SM 
and SUSY events

Herwig++ nominal 
Madgraph+Herwig as a cross-check

We perform a simple 
mass measurement, 

using a c2 to create a mjjj 
observable 

Choose semileptonic 
events with jets/leptons 
above a pT threshold

SUSY
On-shell top

1410.7025: T. Eifert & BN
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Origin of (Negative) Biases
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Figure 3: Distributions of the Wb invariant mass for stops with masses (in GeV) 120 (blue),
150 (black), 172 (pink), 180 (green) and 200 (red). We assume mt = 173 GeV.

where
√
F is the SUSY breaking scale, g is the SU(2) gauge coupling, and ct̃, st̃ describe

the mixing in the stop sector. For mt̃ ! mt, the contributions of the two diagrams are
comparable, while for higher masses the diagram involving the top starts to dominate and
eventually reduces to the 2-body decay t̃ → tG̃. The transition between the 3-body decay and
the 2-body decay is demonstrated in figure 3.

From (2.1), we see that our model depends on just two parameters: the mass of the lighter
stop and the stop mixing angle. For a more general spectrum, diagrams with virtual charginos
or sbottoms would also contribute, but as was noticed in [8], where a much larger parameter
space has been explored, the kinematic distributions, such as the invariant masses mℓb and
mbW , do not depend strongly on the assumptions about the spectrum or the stop mixing angle
(which we will set to st̃ = −0.8). We therefore believe that the simplified scenario we consider
is a good representative of the whole class of stop NLSP scenarios.

In this paper we will focus on the situation in which the stop decays promptly. More
generally, the lifetime of the stop is dominantly a function of its mass, the SUSY-breaking
scale

√
F (equivalently, the gravitino mass), and various Standard Model parameters. An

approximate analytical expression for the stop decay rate for mt̃ < mt is [8]

Γ ∼
α

sin2 θW

(mt̃ −mW )7

128π2m2
WF 2

(2.2)

while for mt̃ > mt the decay process gradually starts being dominated by t̃ → t G̃ (with a
subsequent t → W+b decay) which has the rate [7]

Γ =
m5

t̃

16πF 2

(

1−
m2

t

m2
t̃

)4

(2.3)

Contours of constant stop lifetime are shown in figure 4. We see that, as is generally the case
in gauge mediation, the lifetime of the NLSP can range from prompt (corresponding to lower

4
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Measured Bias
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For the 3-body decays, larger bias.  When there is a resonant top, the 
bias is very small (LHC results so far are robust).
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mtrue
top mmeasured

top True �tt̄(m
true
top ) True �tt̄(m

measured
top ) True �t̃t̃⇤ Measured �tt̄

LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron

170 168.6 169.0 271.1 8.0 279.0 8.1 42.6 0.87 295.4 8.5
172.5 170.8 171.3 251.7 7.3 264.4 7.6 42.6 0.87 276.0 7.8
175 172.9 173.5 233.8 6.8 249.7 7.2 42.6 0.87 258.1 7.3

Table 1: Bias in the measured top quark mass and tt̄ cross-section due to the presence of a light
stop (m

t̃1
= 170GeV) that decays via the three-body process. All masses are in GeV and all cross-

sections are in pb. The measured top quark mass is biased low from the true mass which results in
the true cross-section at the measured top mass, true �

tt̄

(mmeasured
top ) to be higher than the true cross-

section at the true mass, true �

tt̄

(mtrue
top ). The former quantity is what would be predicted under

the SM-only hypothesis in the presence of the 170 GeV stop. The measured �

tt̄

is the sum of true
�

tt̄

(mtrue
top ) and true �

t̃t̃

⇤ , corrected for the lower acceptance for the three-body decay.

mtrue
top mmeasured

top True �tt̄(m
true
top ) True �tt̄(m

measured
top ) True �t̃t̃⇤ Measured �tt̄

LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron

170 169.8 169.8 271.1 8.0 273.7 8.0 36.8 0.70 304.8 8.6
172.5 172.0 172.2 251.7 7.3 255.4 7.4 36.8 0.70 285.4 8.0

Table 2: Bias in the measured top quark mass and tt̄ cross-section due to the presence of a light stop
(m

t̃1
= 175GeV) that decays via the two-body process. All masses are in GeV and all cross-sections

are in pb. For more details, see the caption for Table 1.

but in general the biased measurement is lower than the true mass. For the three-body
stop decay and m

t̃1
⇠ 170GeV, the shift in mass is significant compared to the current

experimental precision.

2. This negative shift in the measured mass combined with the increase in the predicted tt̄

cross-section (at the biased top quark mass) makes the relationship between measured
cross-section and measured top quark mass similar to the SM-only relationship. Thus,
a degenerate sneaky light stop can evade detection from precision measurements.

The results presented here are obtained using truth-level studies and simplifying assumptions about
the top quark mass methodology. If confirmed, however, this could mean that SUSY is well within
the energy reach of the LHC.
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7

6 Combination of the measurements

In the following sections we describe the results obtained from the combination of the CMS
measurements listed in Tables 1 and 2.

6.1 The combined CMS result

 [GeV]tm
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CMS 2010, dilepton

-1JHEP 07 (2011) 049, 36 pb
 4.6 GeV± 4.6 ±175.5 
 syst)± stat ±(value 

CMS 2010, lepton+jets
-1PAS TOP-10-009, 36 pb

 2.6 GeV± 2.1 ±173.1 
 syst)± stat ±(value 

CMS 2011, dilepton
-1EPJC 72 (2012) 2202, 5.0 fb

 1.4 GeV± 0.4 ±172.5 
 syst)± stat ±(value 

CMS 2011, lepton+jets
-1JHEP 12 (2012) 105, 5.0 fb

 1.0 GeV± 0.4 ±173.5 
 syst)± stat ±(value 

CMS 2011, all-hadronic
-1EPJ C74 (2014) 2758, 3.5 fb

 1.2 GeV± 0.7 ±173.5 
 syst)± stat ±(value 

CMS 2012, lepton+jets
-1PAS TOP-14-001, 19.7 fb

 0.7 GeV± 0.1 ±172.0 
 syst)± stat ±(value 

CMS 2012, all-hadronic
-1PAS TOP-14-002, 18.2 fb

 0.8 GeV± 0.3 ±172.1 
 syst)± stat ±(value 

CMS 2012, dilepton
-1PAS TOP-14-010, 19.7 fb

 1.4 GeV± 0.2 ±172.5 
 syst)± stat ±(value 

CMS combination
September 2014

 0.65 GeV± 0.10 ±172.38 
 syst)± stat ±(value 

Tevatron combination
July 2014 arXiv:1407.2682

 0.52 GeV± 0.37 ±174.34 
 syst)± stat ±(value 

World combination March 2014
ATLAS, CDF, CMS, D0

 0.71 GeV± 0.27 ±173.34 
 syst)± stat ±(value 

 [GeV]tm
165 170 175 180

0

5

10

 (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

CMS Preliminary

Figure 1: Summary of eight CMS mt measurements and their combination.

When using the BLUE method, it is possible to obtain negative combination coefficients, which
can occur when the measurements have different degrees of precision and in the presence of
large correlations. The measurements entering this combination fulfill both criteria as they vary
significantly in precision between 2010 and 2012 and most of the systematic uncertainties are
highly correlated. The nominal values of the correlation coefficients shown in Table 5 arise from
somewhat arbitrary choices, based on our understanding of each of the uncertainties. While
the use of an extreme coefficient value of unity is the normal practice in these analyses, this may
not be the best representation; not only may it lead to an over estimation of the correlations, it
will also maximize the dependence of the result on the choice of the correlation coefficient. By
their nature, determination of the true correlation values is quite difficult and this is normally
treated by varying the values over a wide range and quoting the change in the central combined
result as the uncertainty due to the chosen correlation.

If the values of a systematic uncertainty for a pair of measurements of an observable are signif-
icantly different, then this is indicative of a correlation that is significantly less than unity. For
this analysis, we have chosen to perform a combination for which the correlation coefficients
are limited and not allowed to take the value of unity. This has been done by setting the cor-
relation coefficients for each pair of measurements in the fully correlated cases (Table 5) to r =
si/sj, where si and sj are the uncorrelated components of the uncertainties in measurements

CMS-PAS-14-015

This could be explained by or 
provide a constraint on light stops.  

Many caveats: most importably is the fact 
that different (nominal) generators are used!
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Measured Biases: 2-body

mtrue
top mmeasured

top True �tt̄(m
true
top ) True �tt̄(m

measured
top ) True �t̃t̃⇤ Measured �tt̄

LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron

170 168.6 169.0 271.1 8.0 279.0 8.1 42.6 0.87 295.4 8.5
172.5 170.8 171.3 251.7 7.3 264.4 7.6 42.6 0.87 276.0 7.8
175 172.9 173.5 233.8 6.8 249.7 7.2 42.6 0.87 258.1 7.3

Table 1: Bias in the measured top quark mass and tt̄ cross-section due to the presence of a light
stop (m

t̃1
= 170GeV) that decays via the three-body process. All masses are in GeV and all cross-

sections are in pb. The measured top quark mass is biased low from the true mass which results in
the true cross-section at the measured top mass, true �

tt̄

(mmeasured
top ) to be higher than the true cross-

section at the true mass, true �

tt̄

(mtrue
top ). The former quantity is what would be predicted under

the SM-only hypothesis in the presence of the 170 GeV stop. The measured �

tt̄

is the sum of true
�

tt̄

(mtrue
top ) and true �

t̃t̃

⇤ , corrected for the lower acceptance for the three-body decay.

mtrue
top mmeasured

top True �tt̄(m
true
top ) True �tt̄(m

measured
top ) True �t̃t̃⇤ Measured �tt̄

LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron LHC8 Tevatron

170 169.8 169.8 271.1 8.0 273.7 8.0 36.8 0.70 304.8 8.6
172.5 172.0 172.2 251.7 7.3 255.4 7.4 36.8 0.70 285.4 8.0

Table 2: Bias in the measured top quark mass and tt̄ cross-section due to the presence of a light stop
(m

t̃1
= 175GeV) that decays via the two-body process. All masses are in GeV and all cross-sections

are in pb. For more details, see the caption for Table 1.

but in general the biased measurement is lower than the true mass. For the three-body
stop decay and m

t̃1
⇠ 170GeV, the shift in mass is significant compared to the current

experimental precision.

2. This negative shift in the measured mass combined with the increase in the predicted tt̄

cross-section (at the biased top quark mass) makes the relationship between measured
cross-section and measured top quark mass similar to the SM-only relationship. Thus,
a degenerate sneaky light stop can evade detection from precision measurements.

The results presented here are obtained using truth-level studies and simplifying assumptions about
the top quark mass methodology. If confirmed, however, this could mean that SUSY is well within
the energy reach of the LHC.
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Searching for stealth 
stops will require 

precision top 
measurements

Such studies must consider 
the impact of biases in the 
top mass, in particular for 

3-body decays

Light, sneaky, stops may be hiding in the 8 TeV dataset! 
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Distribution of the ‘excesses’ p-values

3 Analysis

Once the ATLAS and CMS datasets were constructed, the expected and observed distri-
butions of p-values were computed for both a Gaussian and a lognormal distribution of
the expected number of counts (the number of counts itself is assumed to be Poisson). A
p-value was assigned to each data point according to

p-value =

Z 1

0
�(�|µ,�)P�n

(�)d�. (3.1)

Here, P�n

is the probability of observing n or more counts given a Poisson distribution
with parameter �,

P�n

(�) =
1X

k=n

e���k

k!
= 1�

n�1X

k=0

e���k

k!
. (3.2)

We performed a similar analysis of deficits rather than excesses in the SUSY search regions
by replacing P�n

in (3.1) with Pn

: the probability of observing n or less counts given a
Poisson distribution with parameter �. The function �(�|µ,�) is the probability distribution
function of the specified random variable with mean µ and standard deviation �. These
parameters are the expected value for the number of counts (µ) and the uncertainty on that
value (�). For the Gaussian distribution,

�(�|µ,�) = 1

N�
p
2⇡

e�(��µ)2/2�2
, (3.3)

where N is a normalization constant correcting for the fact that � cannot be negative, and
so the negative part of the distribution must be cut off. For the lognormal distribution,
whose support is R+, no such normalization constant is required,

�(�|µ,�) = 1

��̃
p
2⇡

e�(ln��µ̃)2/2�̃2
, (3.4)

with µ̃ := lnµ2/
p
µ2 + �2, �̃ :=

p
ln 1 + �2/µ2 defined so that the lognormal distribution

is precisely the distribution of Y = eX for a Gaussian random variable X with mean µ̃ and
variance �̃2.

One might expect the distribution of p-values defined in this way to be uniformly
distributed on the interval [0, 1] under the null hypothesis, in accordance with the usual
interpretation of p-values as the probability of observing a more significant result in pre-
cisely p⇥ 100% of studies. However, this intuitive understanding is only correct when the
distribution is continuous [33], not in the case of Poisson distribution considered here. As
a result, we first computed the expected distribution of p-values under the null hypothesis
and then compared this with the observed distribution of p-values. The expected distri-
bution of p-values is determined by summing up the probability that each particular trial
would fall into one of ten bins, ( i

10 ,
i+1
10 ], i = 0, ..., 9,

Pr
✓

i

10
< p-value  i+ 1

10

◆
=

Z 1

0
d�f

i

(�)�(�|µ,�), (3.5)

– 4 –
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Distribution of the ‘deficits’ p-values
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