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

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

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

the superpartners on the left.

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

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

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

of fine tuning can be modified in higher dimensional setups.

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

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

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

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

I. INTRODUCTION

The experiments of the Large Hadron Collider (LHC) at CERN are now searching ex-

tensively for signals of supersymmetry (SUSY). So far, the experiments have announced no

definitive sign of new physics. Instead, they have used the first 1 fb�1 of data to perform

an impressive number of searches that have produced increasingly strong limits on colored

superparticles decaying to missing energy [1–23]. These limits have led some to conclude,

perhaps prematurely, that SUSY is “ruled out” below 1 TeV. We would like to revisit this

statement and understand whether or not SUSY remains a compelling paradigm for new

physics at the weak scale. If SUSY is indeed still interesting, it is natural to ask: what are

the best channels to search for it from now on? After all, the first fb�1 at 7 TeV were the

“early days” for the LHC, with many superparticles still out of reach.

We believe that naturalness provides a useful criterion to address the status of SUSY.

Supersymmetry at the electroweak scale is motivated by solving the gauge hierarchy prob-

lem and natural electroweak symmetry breaking is the leading motivation for why we might

expect to discover superpartners at the LHC. The naturalness requirement is elegantly sum-

marized by the following tree-level relation in the Minimal Supersymmetric Standard Model

(MSSM),

�
m

2
Z

2
= |µ|

2 + m
2
Hu

. (1)

If the superpartners are too heavy, the contributions to the right-hand side must be tuned

against each other to achieve electroweak symmetry breaking at the observed energy scale1.

Eq. 1 also provides guidance towards understanding which superparticles are required to

be light, i.e., it defines the minimal spectrum for “Natural SUSY”. As we review in detail in

Sect. II, the masses of the superpartners with the closest ties to the Higgs must not be too

far above the weak scale. In particular, the higgsinos should not be too heavy because their

mass is controlled by µ. The stop and gluino masses, correcting m
2
Hu

at one and two-loop

order, respectively, also cannot be too heavy. The masses of the rest of the superpartners,

including the squarks of the first two generations, are not important for naturalness and can

1 We note that equation 1 applies to the tree-level MSSM at moderate to large tan �, but, as we will discuss

below, similar relations hold more generally.
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Figure 2. The bin-by-bin fraction of models excluded as a 2D function of sparticle masses. The
colour encodes the fraction of models excluded. The models considered are all within the 2D 95%
confidence region found using the initial likelihood scan. No such models are in the white regions,
and therefore the coloured bins indicate the 95% CL contours for the initial likelihood scan.

compatible with the Standard Model prediction, disfavouring the region with mA ! 500GeV

in figure 5(d) as contributions to that process typically scale as ∼ tan6 β/m2
A. Finally,

values of tan β " 10 (figure 5(e)) are strongly favoured because the tree-level contribution

to the Higgs boson mass is maximised.

As seen in figures 4 and 5(a)–5(c), the considered searches have the strongest impact

when |M1|, M2 and |µ| are all small (≪ 1TeV), where the SUSY particle production cross-

section is large. The searches have the strongest impact where the χ̃0
1 is light and bino-like;

approximately 86% of models with |M1| < 85GeV are excluded, which corresponds to the re-

gion m(χ̃
0
1) < 65GeV in figure 3. The impact on M2 and µ is less severe, where the excluded

fraction peaks at about 4%. In the case of M2, a small number of models with M2 > 1TeV

are excluded, corresponding to models with a light higgsino spectrum and a bino-like LSP.

The considered searches can only provide indirect constraints on the remaining model

parameters, mA and tanβ. Therefore, the features in figures 5(d) and 5(e) are driven

by the properties of models with a low-mass LSP in the Z- or h-funnel. Although the

pseudoscalar boson does not enter directly into the phenomenology of the considered elec-

troweak searches, the proportion of excluded models is greatest for values of mA below

1TeV, while the excluded models span a wide range of tan β between about 20 and 50.

5.3 Impact on dark matter observables

Finally, the impact of the considered electroweak searches in several 2D parameter spaces

relevant to dark matter phenomenology is shown in figure 6. Figure 6(a) shows the fraction

of models excluded in the χ̃0
1 relic abundance versus χ̃0

1 mass plane. The Z- and h-funnel

regions can again be clearly seen. The exclusion power of the considered searches depends

only weakly upon the relic density, which can be as small as ∼ 10−3 depending on the

higgsino component of the LSP and thus the efficiency of the s-channel annihilation.

– 14 –
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Q̃1,2, ũ1,2, d̃1,2

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

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

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

the superpartners on the left.

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

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

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

of fine tuning can be modified in higher dimensional setups.

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

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

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

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

I. INTRODUCTION

The experiments of the Large Hadron Collider (LHC) at CERN are now searching ex-

tensively for signals of supersymmetry (SUSY). So far, the experiments have announced no

definitive sign of new physics. Instead, they have used the first 1 fb�1 of data to perform

an impressive number of searches that have produced increasingly strong limits on colored

superparticles decaying to missing energy [1–23]. These limits have led some to conclude,

perhaps prematurely, that SUSY is “ruled out” below 1 TeV. We would like to revisit this

statement and understand whether or not SUSY remains a compelling paradigm for new

physics at the weak scale. If SUSY is indeed still interesting, it is natural to ask: what are

the best channels to search for it from now on? After all, the first fb�1 at 7 TeV were the

“early days” for the LHC, with many superparticles still out of reach.

We believe that naturalness provides a useful criterion to address the status of SUSY.

Supersymmetry at the electroweak scale is motivated by solving the gauge hierarchy prob-

lem and natural electroweak symmetry breaking is the leading motivation for why we might

expect to discover superpartners at the LHC. The naturalness requirement is elegantly sum-

marized by the following tree-level relation in the Minimal Supersymmetric Standard Model

(MSSM),

�
m

2
Z

2
= |µ|

2 + m
2
Hu

. (1)

If the superpartners are too heavy, the contributions to the right-hand side must be tuned

against each other to achieve electroweak symmetry breaking at the observed energy scale1.

Eq. 1 also provides guidance towards understanding which superparticles are required to

be light, i.e., it defines the minimal spectrum for “Natural SUSY”. As we review in detail in

Sect. II, the masses of the superpartners with the closest ties to the Higgs must not be too

far above the weak scale. In particular, the higgsinos should not be too heavy because their

mass is controlled by µ. The stop and gluino masses, correcting m
2
Hu

at one and two-loop

order, respectively, also cannot be too heavy. The masses of the rest of the superpartners,

including the squarks of the first two generations, are not important for naturalness and can

1 We note that equation 1 applies to the tree-level MSSM at moderate to large tan �, but, as we will discuss

below, similar relations hold more generally.

3

naturalness in MSSM (tree level)
two-loop correction 
to mH from gluinos

𝜇 controls Higgsino masses

arXiv:1110.6926 [hep-ph]

should be light can be heavy

one-loop correction 
to mH from stops

Natural SUSY mass spectrum

https://arxiv.org/abs/1608.00872


Joana Machado Miguéns (UPenn) Compressed SUSY searches in ATLAS LHCP 2018 - Bologna

Why compressed

�6

Where we will find SUSY

If SUSY exists: it sould explain (g − 2)µ !

⇒ there should be (relatively) light EW SUSY particles!

1.) pMSSM11 fit to all existing data

[2017]

⇒ predictions of fit to all data: light EW particles

⇒ mass hierarchy: M1 ∼ M2 < µ

⇒ problem for the LHC: compressed spectra

2.) “natural SUSY” with low fine-tuing [H. Baer et al. ’17]

⇒ prediction: light EW particles (possible)

⇒ mass hierarchy: µ < M1,M2

⇒ problem for the LHC: compressed spectra

Sven Heinemeyer – LHCP 2018, Bologna, 06.06.2018 26

and from S. Heinemeyer talk yesterday 
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Will focus on searches for EWK production of SUSY particles
check out J. Long,Y. Nakahama and B. Petersen's talks for strong production
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50.2 fb-1

38.5 fb-1

4.2 fb-1

?

major upgrades for Run 2 
detectors (e.g. IBL), trigger, 

DAQ, reconstruction

excellent performance under 
challenging LHC conditions

peak lumi 2.14 x 1034 cm-2 s-1

over 64 interactions per crossing

analyses use 36 fb-1 of 13 TeV 
pp LHC data collected by ATLAS

2015 + 2016
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2 soft leptons (e+e-/μ+μ-)
Phys. Rev. D 97, 052010 (2018)
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https://arxiv.org/abs/1712.08119
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Soft leptons

small Δm means very soft decay products (pT ~ Δm/2)
ATLAS is pushing lepton reconstruction to very low pT

analysis uses 4 GeV muons and 4.5 GeV electrons!
�17
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Backgrounds

• bla
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Distinct signatures
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kinematic endpoint at 
mℓℓ = Δm from 
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Distinct signatures

shape fits in mℓℓ and mT2 used to improve sensitivity
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Results
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Interpretation
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LEP ẽR excluded

ATLASp
s = 13 TeV, 36.1 fb�1

ee/µµ, m100
T2 shape fit

All limits at 95% CL

pp ! ˜̀+
L,R

˜̀�
L,R, ˜̀ ! `�̃0

1, ` 2 [e, µ]

slepton NLSP/Bino LSP

Δm as low as 1 GeV

slepton

N1
Δm

bi
no

ℓ

m(slepton) ~ 190 GeV

motivated by 

naturalness
motivated by  

DM relic abundance
motivated by 

muon g-2 tension



Joana Machado Miguéns (UPenn) Compressed SUSY searches in ATLAS LHCP 2018 - Bologna �23

disappearing track
arXiv:1712.02118 [hep-ex]
ATL-PHYS-PUB-2017-019

long-lived EWKinos
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https://arxiv.org/abs/1712.02118
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-019/
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Long-lived EWKinos

ultra compressed EWKinos can be long-lived
e.g. c𝛕 ~ 1.5 cm (0.05 ns) for Higgsinos with Δm ~ 300 MeV

look for "tracklets" in ATLAS pixel layers
veto hits in the silicon strips - track disappears once C1 decays

new IBL in Run 2 allows for shorter tracks
increased sensitivity to shorter lifetimes compared to Run 1

�24

ATLAS Simulation

�+

�0
1

~ �+
1
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Figure 1: Illustration of a pp ! �̃+1 �̃
�

1 + jet event, with long-lived charginos. Particles produced in pile-up pp

interactions are not shown. The �̃+1 decays into a low-momentum pion and a �̃0
1 after leaving hits in the four pixel

layers (indicated by red makers).

tracklets, which allows the reconstruction of charginos decaying at radii from about 12 cm to 30 cm. The
use of these tracklets is possible thanks to the new innermost tracking layer [21] installed during the LHC
long shutdown between Run 1 and Run 2. The use of shorter tracklets significantly extends the sensitivity
to smaller chargino lifetimes.

This paper is organised as follows. A brief overview of the ATLAS detector is given in section 2. In
section 3, the signal processes and backgrounds are described and an overview of the analysis method
is given. The data samples used in this analysis and the simulation model of the signal processes are
described in section 4. The reconstruction algorithms and event selection are presented in section 5. The
analysis method is discussed in section 6. The systematic uncertainties are described in section 7. The
results are presented in section 8. Section 9 is devoted to conclusions.

2 ATLAS detector

ATLAS [22] is a multipurpose detector with a forward-backward symmetric cylindrical geometry, covering
nearly the entire solid angle around an interaction point of the LHC.2 The inner tracking detector (ID)
consists of pixel and micro-strip silicon detectors covering the pseudorapidity region of |⌘ | < 2.5,
surrounded by a transition radiation tracker (TRT), which improves the momentum measurement and
enhances electron identification capabilities. The pixel detector spans the radius range from 3 cm to
12 cm, the strip semiconductor tracker (SCT) from 30 cm to 52 cm, and the TRT from 56 cm to 108 cm.
The pixel detector has four barrel layers, and three disks in each of the forward and backward regions. The
barrel layers surround the beam pipe at radii of 33.3, 50.5, 88.5, and 122.5 mm, covering |⌘ | < 1.9. These
layers are equipped with pixels which have a width of 50 µm in the transverse direction. The pixel sizes
in the longitudinal direction are 250 µm for the first layer and 400 µm for the other layers. The innermost

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2)
and the rapidity is defined as y = (1/2) ln[(E + pz )/(E � pz )] where E is the energy and pz the longitudinal momentum of the
object of interest.

3

lost (too soft)

MET

travels 12-30 cm pixel

SCT
IBL
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Tracklet backgrounds

bkgs reduced with isolation & track quality requirements 
estimated from data templates constrained at low MET
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Figure 3: Sketch of the di�erent background components in the search with pixel tracklets. Thin solid and dotted
red lines show trajectories of charged and neutral particles respectively. Thick blue lines show reconstructed pixel
tracklets. (a) A hadron undergoing a hard scattering can yield track segments in the pixel and SCT detector that
are not recognised as belonging to the same track, thus faking a pixel tracklet. (b) A lepton emitting hard photon
radiation could be identified as a pixel tracklet through a similar mechanism. (c) A pixel tracklet can arise from a
random combination of hits created by di�erent particles in close proximity.

bunch crossing in the dataset is 14 in 2015 and 24 in 2016.

Events were selected by E
miss
T triggers [24] with trigger thresholds varying from 70 GeV to 110 GeV

depending on the data-taking period. Data samples used to estimate the background contribution and
to measure tracking performance were selected using triggers requiring at least one isolated electron
(pT > 24–26 GeV) or muon (pT > 20–26 GeV). After applying basic data-quality requirements, the data
sample corresponds to an integrated luminosity of 36.1 fb�1. The uncertainty in the combined 2015+2016
integrated luminosity is 3.2%. It is derived, following a methodology similar to that detailed in ref. [25],
from a preliminary calibration of the luminosity scale using x–y beam-separation scans performed in
August 2015 and May 2016.

The simulated signal samples were generated assuming the minimal AMSB model [8, 9] with tan � = 5,
the sign of the higgsino mass term set to be positive, and the universal scalar mass set to m0 = 5 TeV. The
proper lifetime and the mass of the chargino were scanned in the range from 10 ps to 10 ns and from 100 GeV
to 700 GeV respectively. For the strong production, samples were generated for gluino masses (mg̃) varying
from 700 GeV to 2200 GeV with LSP mass from 200 GeV to mg̃ � 100 GeV. The SUSY mass spectrum,
the branching ratios and decay widths were calculated using ISASUSY 7.80 [26]. The signal samples
were generated with up to two extra partons in the matrix element using MG5_aMC@NLO 2.3.3 [27]
at leading order (LO) interfaced to P����� 8.212 [28] for parton showering, hadronisation and SUSY
particle decay. The NNPDF2.3LO [29] parton distribution function (PDF) set was used. Renormalisation
and factorisation scales were determined by the default dynamic scale choice of MG5_aMC@NLO. The
CKKW-L merging scheme [30] was applied to combine tree-level matrix elements containing multiple
partons with parton showers. The scale parameter for merging was set to a quarter of the mass of the
wino for wino-pair production or a quarter of the gluino mass for the strong production channel. The
A14 [31] set of tuned parameters with simultaneously optimised multiparton interaction and parton shower
parameters was used for the underlying event together with the NNPDF2.3LO PDF set. Charginos were

6

hadron undergoes hard scattering or 
lepton emits a photon - pixel and SCT 
hits not associated to the same track

nearby particles 
generate random 

combinations of hits

pixel tracklet

neutral particle
charged particle
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Results and interpretation

no excess seen over the background prediction

pure higgsino LSPs with Δm ~ 275 MeV excluded up to 152 GeV

pure wino LSPs with Δm ~ 160 MeV excluded up to 460 GeV
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Figure 7: Pixel-tracklet pT spectrum in various regions: (a) electroweak channel in the low-Emiss
T region, (b) strong

channel in the low-Emiss
T region, (c) electroweak channel in the high-Emiss

T region, and (d) strong channel in the
high-Emiss

T region. Observed data are shown with markers and the background components for the background-only
fit are shown with lines. In the strong channel, total background lines overlap hadron and electron background lines.
An example of the expected signal spectrum at ⌧�̃±

1
= 0.2 ns and m�̃±

1
= 400 GeV for the electroweak channel and

mg̃ = 1600 GeV, m�̃±

1
= 500 GeV for the strong channel is overlaid for comparison. The bottom panels show the

ratio of the data to the background predictions. The error band shows the uncertainty in the background prediction
including both the statistical and systematic uncertainties. Red arrows in the Data/BG ratio indicate bins where the
corresponding entry falls outside the plotted range.
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Figure 1: Expected (black dashed) and observed (red solid) 95% CL exclusion limit in the plane of (a) the chargino
mass and its lifetime, and (b) the chargino mass and the mass-splitting between the chargino and the LSP. The
pink-coloured region is excluded. The yellow band shows the 1� region of the expected limit. The grey region is
a limit obtained by the LEP [31]. The black dot-dashed curve crossing over the exclusion line shows a theoretical
prediction in the pure-higgsino scenario.

6 Conclusion

The reinterpretation of the disappearing track search previously established for the long-lived wino LSP
was performed targeting the pure-higgsino signature. The search is based on pp collision data collected
by the ATLAS experiment at the LHC in 2015 and 2016 at

p
s = 13 TeV, corresponding to an integrated

luminosity of 36.1 fb�1. No significant excess is observed over the estimated SM backgrounds. Exclusion
limits at 95% CL are derived for direct production of higgsinos. Chargino masses up to 152 GeV are
excluded in the pure-higgsino LSP model.
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Summary of EWK searches

ATLAS limits on compressed SUSY particles filling in the 
sensitivity gaps and extending to regions not probed since LEP!

no signs of SUSY yet but ATLAS continues to take data so stay tuned
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Supersymmetry (SUSY)

• Fundamental symmetry between fermions and bosons that 
presents solutions to some problems of the SM:
• SUSY particles provide opposite-sign loop corrections to the 

Higgs mass, canceling out quadratic divergencies
• If R-parity = (-1)3(B-L)+2s conserved, Lightest SUSY particle 

(LSP) is stable and natural Dark Matter candidate
• Achieve unification of gauge couplings at MGUT ≈ 1016 GeV
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SUSY：Unification of Fermion and Boson
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Why SUSY？
▸ Good dark matter candidate
▸ Higgs mass 125 GeV (MSSM prediction < ~150 GeV [1])
▸ GUT prefers SUSY
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But if we have other scalars...

Contributions to Higgs mass from possible heavy scalars have
opposite sign and cancel out!

“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 = (8�GNewton)�1/2 =
2.4 � 1018 GeV, where quantum gravitational e�ects 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 di�culty 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 + �|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 � > 0 and m2
H < 0, resulting in �H� =

�
�m2

H/2�. 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 e�ective field theory, � = 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 e�ects of 2-loop corrections.) The problem is that m2

H receives enormous quantum
corrections from the virtual e�ects 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 ��fHff , then the
Feynman diagram in Figure 1.1a yields a correction

�m2
H = � |�f |2

8�2
�2

UV + . . . . (1.2)

Here �UV is an ultraviolet momentum cuto� 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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The ellipses represent terms proportional to m2
f , which grow at most logarithmically with �UV (and

actually di�er for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The
largest correction comes when f is the top quark with �f � 0.94. The problem is that if �UV is of
order MP, say, then this quantum correction to m2

H is some 30 orders of magnitude larger than the
required value of m2

H � �(92.9 GeV)2. This is only directly a problem for corrections to the Higgs
scalar boson squared mass, because quantum corrections to fermion and gauge boson masses do not
have the direct quadratic sensitivity to �UV found in eq. (1.2). However, the quarks and leptons and
the electroweak gauge bosons Z0, W ± of the Standard Model all obtain masses from �H�, so that the
entire mass spectrum of the Standard Model is directly or indirectly sensitive to the cuto� �UV.

One could imagine that the solution is to simply pick a �UV that is not too large. But then one
still must concoct some new physics at the scale �UV that not only alters the propagators in the loop,
but actually cuts o� the loop integral. This is not easy to do in a theory whose Lagrangian does not
contain more than two derivatives, and higher-derivative theories generally su�er from a failure of either
unitarity or causality [5]. In string theories, loop integrals are nevertheless cut o� at high Euclidean
momentum p by factors e�p2/�2

UV . However, then �UV is a string scale that is usually† thought to be
not very far below MP.

Furthermore, there are contributions similar to eq. (1.2) from the virtual e�ects of any heavy
particles that might exist, and these involve the masses of the heavy particles (or other high physical
mass scales), not just the cuto�. It cannot be overemphasized that merely choosing a regulator with no
quadratic divergences does not address the hierarchy problem. The problem is not really the quadratic
divergences, but rather the quadratic sensitivity to high mass scales. The latter are correlated with
quadratic divergences for some, but not all, choices of ultraviolet regulator. The absence of quadratic
divergences is a necessary, but not su�cient, criterion for avoiding the hierarchy problem.

For example, suppose there exists a heavy complex scalar particle S with mass mS that couples to
the Higgs with a Lagrangian term ��S |H|2|S|2. Then the Feynman diagram in Figure 1.1b gives a
correction

�m2
H =

�S

16�2

�
�2

UV � 2m2
S ln(�UV/mS) + . . .

�
. (1.3)

If one rejects the possibility of a physical interpretation of �UV and uses dimensional regularization
on the loop integral instead of a momentum cuto�, then there will be no �2

UV piece. However, even
then the term proportional to m2

S cannot be eliminated without the physically unjustifiable tuning
of a counter-term specifically for that purpose. This illustrates that m2

H is sensitive to the masses of
the heaviest particles that H couples to; if mS is very large, its e�ects on the Standard Model do not
decouple, but instead make it di�cult to understand why m2

H is so small.
This problem arises even if there is no direct coupling between the Standard Model Higgs boson

and the unknown heavy particles. For example, suppose there exists a heavy fermion F that, unlike
the quarks and leptons of the Standard Model, has vectorlike quantum numbers and therefore gets a
large mass mF without coupling to the Higgs field. [In other words, an arbitrarily large mass term of
the form mF FF is not forbidden by any symmetry, including weak isospin SU(2)L.] In that case, no
diagram like Figure 1.1a exists for F . Nevertheless there will be a correction to m2

H as long as F shares
some gauge interactions with the Standard Model Higgs field; these may be the familiar electroweak
interactions, or some unknown gauge forces that are broken at a very high energy scale inaccessible to
experiment. In either case, the two-loop Feynman diagrams in Figure 1.2 yield a correction

†Some attacks on the hierarchy problem, not reviewed here, are based on the proposition that the ultimate cuto� scale
is actually close to the electroweak scale, rather than the apparent Planck scale.
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Joana Machado Miguéns (UPenn) EWK SUSY (Weekly Group Meeting) January 24
th

2017 4 / 18

But if we have other scalars...

Contributions to Higgs mass from possible heavy scalars have
opposite sign and cancel out!

“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 = (8�GNewton)�1/2 =
2.4 � 1018 GeV, where quantum gravitational e�ects 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 di�culty 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 + �|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 � > 0 and m2
H < 0, resulting in �H� =

�
�m2

H/2�. 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 e�ective field theory, � = 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 e�ects of 2-loop corrections.) The problem is that m2

H receives enormous quantum
corrections from the virtual e�ects 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 ��fHff , then the
Feynman diagram in Figure 1.1a yields a correction

�m2
H = � |�f |2

8�2
�2

UV + . . . . (1.2)

Here �UV is an ultraviolet momentum cuto� 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.

3

“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 = (8�GNewton)�1/2 =
2.4 � 1018 GeV, where quantum gravitational e�ects 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 di�culty 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 + �|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 � > 0 and m2
H < 0, resulting in �H� =

�
�m2

H/2�. 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 e�ective field theory, � = 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 e�ects of 2-loop corrections.) The problem is that m2

H receives enormous quantum
corrections from the virtual e�ects 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 ��fHff , then the
Feynman diagram in Figure 1.1a yields a correction

�m2
H = � |�f |2

8�2
�2

UV + . . . . (1.2)

Here �UV is an ultraviolet momentum cuto� 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.

3

“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 = (8�GNewton)�1/2 =
2.4 � 1018 GeV, where quantum gravitational e�ects 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 di�culty 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 + �|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 � > 0 and m2
H < 0, resulting in �H� =

�
�m2

H/2�. 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 e�ective field theory, � = 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 e�ects of 2-loop corrections.) The problem is that m2

H receives enormous quantum
corrections from the virtual e�ects 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 ��fHff , then the
Feynman diagram in Figure 1.1a yields a correction

�m2
H = � |�f |2

8�2
�2

UV + . . . . (1.2)

Here �UV is an ultraviolet momentum cuto� 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.

3

The ellipses represent terms proportional to m2
f , which grow at most logarithmically with �UV (and

actually di�er for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The
largest correction comes when f is the top quark with �f � 0.94. The problem is that if �UV is of
order MP, say, then this quantum correction to m2

H is some 30 orders of magnitude larger than the
required value of m2

H � �(92.9 GeV)2. This is only directly a problem for corrections to the Higgs
scalar boson squared mass, because quantum corrections to fermion and gauge boson masses do not
have the direct quadratic sensitivity to �UV found in eq. (1.2). However, the quarks and leptons and
the electroweak gauge bosons Z0, W ± of the Standard Model all obtain masses from �H�, so that the
entire mass spectrum of the Standard Model is directly or indirectly sensitive to the cuto� �UV.

One could imagine that the solution is to simply pick a �UV that is not too large. But then one
still must concoct some new physics at the scale �UV that not only alters the propagators in the loop,
but actually cuts o� the loop integral. This is not easy to do in a theory whose Lagrangian does not
contain more than two derivatives, and higher-derivative theories generally su�er from a failure of either
unitarity or causality [5]. In string theories, loop integrals are nevertheless cut o� at high Euclidean
momentum p by factors e�p2/�2

UV . However, then �UV is a string scale that is usually† thought to be
not very far below MP.

Furthermore, there are contributions similar to eq. (1.2) from the virtual e�ects of any heavy
particles that might exist, and these involve the masses of the heavy particles (or other high physical
mass scales), not just the cuto�. It cannot be overemphasized that merely choosing a regulator with no
quadratic divergences does not address the hierarchy problem. The problem is not really the quadratic
divergences, but rather the quadratic sensitivity to high mass scales. The latter are correlated with
quadratic divergences for some, but not all, choices of ultraviolet regulator. The absence of quadratic
divergences is a necessary, but not su�cient, criterion for avoiding the hierarchy problem.

For example, suppose there exists a heavy complex scalar particle S with mass mS that couples to
the Higgs with a Lagrangian term ��S |H|2|S|2. Then the Feynman diagram in Figure 1.1b gives a
correction

�m2
H =

�S

16�2

�
�2

UV � 2m2
S ln(�UV/mS) + . . .

�
. (1.3)

If one rejects the possibility of a physical interpretation of �UV and uses dimensional regularization
on the loop integral instead of a momentum cuto�, then there will be no �2

UV piece. However, even
then the term proportional to m2

S cannot be eliminated without the physically unjustifiable tuning
of a counter-term specifically for that purpose. This illustrates that m2

H is sensitive to the masses of
the heaviest particles that H couples to; if mS is very large, its e�ects on the Standard Model do not
decouple, but instead make it di�cult to understand why m2

H is so small.
This problem arises even if there is no direct coupling between the Standard Model Higgs boson

and the unknown heavy particles. For example, suppose there exists a heavy fermion F that, unlike
the quarks and leptons of the Standard Model, has vectorlike quantum numbers and therefore gets a
large mass mF without coupling to the Higgs field. [In other words, an arbitrarily large mass term of
the form mF FF is not forbidden by any symmetry, including weak isospin SU(2)L.] In that case, no
diagram like Figure 1.1a exists for F . Nevertheless there will be a correction to m2

H as long as F shares
some gauge interactions with the Standard Model Higgs field; these may be the familiar electroweak
interactions, or some unknown gauge forces that are broken at a very high energy scale inaccessible to
experiment. In either case, the two-loop Feynman diagrams in Figure 1.2 yield a correction

†Some attacks on the hierarchy problem, not reviewed here, are based on the proposition that the ultimate cuto� scale
is actually close to the electroweak scale, rather than the apparent Planck scale.
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How to search for SUSY

�31

• Make assumptions on mass spectra 
and use simplified models to define 
signatures and guide searches
• R-parity conservation - RPC: pair-

produced SUSY particles decaying 
to LSP

• R-parity violation - RPV: LSP 
decays to SM particles

• Signal regions built with high S/B 
using discriminating variables

• Backgrounds:
• Irreducible predicted from MC or 

normalized in control regions
• Reducible estimated from data-

driven methods
• Checked in validation regions

① Build signal regions (SRs) based on requirements on signal / background discriminating variables to 
target specific SUSY event topologies. Optimised for discovery & exclusion.

② Determine Standard Model background in the SRs:

21/03/17 Moritz Backes 14

Blueprint of a vanilla SUSY search

VR1
Unblind when BG model 

established

SR
Unblind when BG model 

validated

Observable 2

O
bs

er
va
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1

VR2
Unblind when BG model 

established

CR 

Proximity to SR

U
nc

er
ta
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ty

Reducible backgrounds: 
• Dominant processes:  

- MC normalised to data in process-enhanced 
control regions (CRs) 

- Extrapolation to validation regions (VRs) & SRs
• Subdominant processes: Pure MC predictions

Irreducible Backgrounds Reducible backgrounds: 
• Fake ET,miss, fake leptons 

backgrounds: Pure data-driven 
estimates

• Validation in VRs

Reducible Backgrounds

Reducible backgrounds: 
• Simultaneous fit of all components 

in CRs (and SRs for exclusion) 

Combined Fit

CR/VR 
optimisation

N
ot
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,f
or
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Antonella De Santo, LHCP 2017                  p.4 

!  If coloured sparticles (including 3rd 
gen.) have very large masses, 
direct EWK-ino production 
becomes dominant 

!  Leptonic decays of charginos, 
neutralinos, sleptons are a main 
feature of EWK SUSY searches 

!  Distinctiveness of multileptonic 
signatures counterbalance low 
cross sections x BR 

"  High-efficiency triggering and        
effective SM background 
suppression 

!  Available Run-2 data already 
sufficient to probe significant 
portions of the parameter space 

Electroweak SUSY Production 

highest cross-
sections for strong 
production of 1st/2nd 
generation squarks 

and gluinos

3rd generation 
squarks

important for 
Naturalness

lowest cross-
sections for 

EWK production 
of charginos, 

neutralinos and 
sleptons
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Dark matter interpretation of 
ATLAS Run 1 searches

�32

h-funnel, and the annihilation rate is proportional to the higgsino fraction as well as the combined bino
and wino fraction. In each funnel, the �̃0

1 annihilation rate is enhanced due to a pole in the propagator
(2m(�̃0

1) ⇠ mZ or mh, respectively) and thus the Planck constraint can be satisfied. Finally, there is a
compressed region, where m(�̃0

1) ⇡ m(�̃±1 ). Here, the LSP composition is less constrained — in particular,
higgsino-like and wino-like states are likely, as well as wino–higgsino mixed states. Some model points
with m(�̃0

1) & 200 GeV have a non-compressed spectrum and a nearly pure bino-like LSP. These cor-
respond to the so-called A-funnel region, where dark matter annihilates through the pseudoscalar Higgs
boson pole.

Figure 1: Scatter plot of models in the m(�̃0
1) vs. m(�̃±1 ) plane with the colour encoding which category of �̃0

1

composition the model belongs to. The �̃0
1 is defined as bino-like (B̃-like), wino-like (W̃-like) or higgsino-like (H̃-

like) if the relevant fraction is at least 80%. A mixed �̃0
1 has at least 20% of each denoted component and < 20%

of any other component. The models considered are all within the 95% confidence region found using the initial
likelihood scan.

4 Signal simulation and evaluation of ATLAS constraints

Constraints from ATLAS SUSY searches are imposed on the 570 599 models generated in the initial
likelihood scan by generating and simulating events from a subset of these models. The models are split
into three categories: those considered to be already excluded by pre-existing constraints and having a �̃0

1
lighter than 1 TeV (108 740 models); those where the considered analyses are assumed to be insensitive
without performing a detailed analysis (134 624 models); and those that are simulated to assess the impact
of the searches in Table 1 (326 951 models).

The pre-existing constraint defining the first category of models is the LEP2 limit on the mass of the
lightest chargino, m(�̃±1 ) > 92.4 GeV. The second category, consisting of models for which the con-
sidered searches are not expected to have any sensitivity, is defined by estimating the total production
cross-section for SUSY particle production, using Prospino2 [75–79]. The searches are not optimised

10

J
H
E
P
0
9
(
2
0
1
6
)
1
7
5

(a) (b)

Figure 2. The bin-by-bin fraction of models excluded as a 2D function of sparticle masses. The
colour encodes the fraction of models excluded. The models considered are all within the 2D 95%
confidence region found using the initial likelihood scan. No such models are in the white regions,
and therefore the coloured bins indicate the 95% CL contours for the initial likelihood scan.

compatible with the Standard Model prediction, disfavouring the region with mA ! 500GeV

in figure 5(d) as contributions to that process typically scale as ∼ tan6 β/m2
A. Finally,

values of tan β " 10 (figure 5(e)) are strongly favoured because the tree-level contribution

to the Higgs boson mass is maximised.

As seen in figures 4 and 5(a)–5(c), the considered searches have the strongest impact

when |M1|, M2 and |µ| are all small (≪ 1TeV), where the SUSY particle production cross-

section is large. The searches have the strongest impact where the χ̃0
1 is light and bino-like;

approximately 86% of models with |M1| < 85GeV are excluded, which corresponds to the re-

gion m(χ̃
0
1) < 65GeV in figure 3. The impact on M2 and µ is less severe, where the excluded

fraction peaks at about 4%. In the case of M2, a small number of models with M2 > 1TeV

are excluded, corresponding to models with a light higgsino spectrum and a bino-like LSP.

The considered searches can only provide indirect constraints on the remaining model

parameters, mA and tanβ. Therefore, the features in figures 5(d) and 5(e) are driven

by the properties of models with a low-mass LSP in the Z- or h-funnel. Although the

pseudoscalar boson does not enter directly into the phenomenology of the considered elec-

troweak searches, the proportion of excluded models is greatest for values of mA below

1TeV, while the excluded models span a wide range of tan β between about 20 and 50.

5.3 Impact on dark matter observables

Finally, the impact of the considered electroweak searches in several 2D parameter spaces

relevant to dark matter phenomenology is shown in figure 6. Figure 6(a) shows the fraction

of models excluded in the χ̃0
1 relic abundance versus χ̃0

1 mass plane. The Z- and h-funnel

regions can again be clearly seen. The exclusion power of the considered searches depends

only weakly upon the relic density, which can be as small as ∼ 10−3 depending on the

higgsino component of the LSP and thus the efficiency of the s-channel annihilation.

– 14 –
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2 soft leptons MC samples

• Signal samples generated at LO using MG5_aMC@NLO with up to two extra partons and 
showered with Pythia8

• Resummino at NLL+NLO used to compute the cross-sections

• Madspin used for the decays of the EWK samples

• Lepton BRs computed using SUSY-HIT

�33

Process Matrix element Parton shower PDF set Cross-section

Z(⇤)/�⇤
+ jets Sherpa 2.2.1 NNPDF 3.0 NNLO [86] NNLO [87]

Diboson Sherpa 2.1.1 / 2.2.1 / 2.2.2 NNPDF 3.0 NNLO Generator NLO

Triboson Sherpa 2.2.1 NNPDF 3.0 NNLO Generator LO, NLO

tt̄ Powheg-Box v2 Pythia 6.428 NLO CT10 [88] NNLO+NNLL [89,90,91,92]

t (s-channel) Powheg-Box v1 Pythia 6.428 NLO CT10 NNLO+NNLL [93]

t (t-channel) Powheg-Box v1 Pythia 6.428 NLO CT10f4 NNLO+NNLL [94,95]

t+W Powheg-Box v1 Pythia 6.428 NLO CT10 NNLO+NNLL [96]

h(! ``,WW ) Powheg-Box v2 Pythia 8.186 NLO CTEQ6L1 [97] NLO [98]

h+W/Z MG5 aMC@NLO 2.2.2 Pythia 8.186 NNPDF 2.3 LO NLO [98]

tt̄+W/Z/�⇤
MG5 aMC@NLO 2.3.3 Pythia 8.186 NNPDF 3.0 LO NLO [64]

tt̄+WW/tt̄ MG5 aMC@NLO 2.2.2 Pythia 8.186 NNPDF 2.3 LO NLO [64]

t+ Z MG5 aMC@NLO 2.2.1 Pythia 6.428 NNPDF 2.3 LO LO [64]

t+WZ MG5 aMC@NLO 2.3.2 Pythia 8.186 NNPDF 2.3 LO NLO [64]

t+ tt̄ MG5 aMC@NLO 2.2.2 Pythia 8.186 NNPDF 2.3 LO LO [64]
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2 soft leptons EWKino mℓℓ
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2 soft leptons event selection

�35

Variable Common requirement

Number of leptons = 2
Lepton charge and flavor e

+
e
� or µ+

µ
�

Leading lepton p
`1
T > 5 (5) GeV for electron (muon)

Subleading lepton p
`2
T > 4.5 (4) GeV for electron (muon)

�R`` > 0.05
m`` 2 [1, 60] GeV excluding [3.0, 3.2] GeV
E

miss
T > 200 GeV

Number of jets � 1
Leading jet pT > 100 GeV
��(j1,p

miss
T ) > 2.0

min(��(any jet,pmiss
T )) > 0.4

Number of b-tagged jets = 0
m⌧⌧ < 0 or > 160 GeV

Electroweakino SRs Slepton SRs

�R`` < 2 —
m

`1
T < 70 GeV —

E
miss
T /H lep

T > max
�
5, 15� 2 m``

1 GeV

�
> max

⇣
3, 15� 2

⇣
m100

T2
1 GeV � 100

⌘⌘

Binned in m`` m
100
T2
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2 soft leptons event selection

�36
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2 soft leptons event selection
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2 soft leptons MET/HTlep
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2 soft leptons CRs and VRs
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Region Leptons E
miss
T /H

lep
T Additional requirements

CR-top e
±
e
⌥, µ±

µ
⌥, e±µ⌥, µ±

e
⌥

> 5 � 1 b-tagged jet(s)
CR-tau e

±
e
⌥, µ±

µ
⌥, e±µ⌥, µ±

e
⌥ 2 [4, 8] m⌧⌧ 2 [60, 120] GeV

VR-VV e
±
e
⌥, µ±

µ
⌥, e±µ⌥, µ±

e
⌥

< 3
VR-SS e

±
e
±, µ±

µ
±, e±µ±, µ±

e
±

> 5
VRDF-m`` e

±
µ
⌥, µ±

e
⌥

> max
�
5, 15� 2 m``

1 GeV

�
�R`` < 2, m`1

T < 70 GeV

VRDF-m100
T2 e

±
µ
⌥, µ±

e
⌥

> max
⇣
3, 15� 2

⇣
m100

T2
1 GeV � 100

⌘⌘

m𝜏𝜏 negative when one of the leptons points in the 
opposite direction of pTmiss 

and 4 GeV for muons to retain signal acceptance. Requiring the separation �R`` between the two leptons
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such as ⌥ or  states, which are expected to contribute far less to the SRs.
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and 4 GeV for muons to retain signal acceptance. Requiring the separation �R`` between the two leptons
to be greater than 0.05 suppresses nearly collinear lepton pairs originating from photon conversions or
muons giving rise to spurious pairs of tracks with shared hits. The invariant mass m`` of the lepton pair is
required to be greater than 1 GeV for the same reason. The dilepton invariant mass is further required to
be outside of the [3.0, 3.2] GeV window to suppress contributions from J/ decays, and less than 60 GeV
to suppress contributions from on-shell Z boson decays. No veto is implemented around other resonances
such as ⌥ or  states, which are expected to contribute far less to the SRs.

The reconstructed Emiss
T is required to be greater than 200 GeV, where the e�ciency of the triggers used

in the analysis exceeds 95%. For signal events to pass this Emiss
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The leading sources of irreducible background are tt̄, single-top, WW /W Z + jets (hereafter referred to as
WW /W Z), and Z (⇤)/�⇤(! ⌧⌧) + jets. The dominant source of reducible background arises from processes
where one or more leptons are fake/nonprompt, such as in W + jets production.

Events containing b-tagged jets are rejected to reduce the tt̄ and single-top background. The Z (⇤)/�⇤(! ⌧⌧)
+ jets background is suppressed using the m⌧⌧ variable [16, 31, 37], defined by m⌧⌧ = sign
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su�ciently boosted so that the daughter neutrinos from each ⌧ decay are collinear with the visible lepton
momentum. The m⌧⌧ variable can take negative values in events where one of the lepton momenta has
a smaller magnitude than Emiss

T and points in the hemisphere opposite to the pmiss
T vector. Events with

0 < m⌧⌧ < 160 GeV are rejected. After the common and electroweakino SR selections in Table 2 are
applied, this veto retains 75% of the Higgsino signal with m(e�0

2 ) = 110 GeV and m(e�0
1 ) = 100 GeV, while

87% of the Z (⇤)/�⇤(! ⌧⌧) + jets background is rejected.

After applying the common selection requirements above, two sets of SRs are constructed to separately
target the production of electroweakinos and sleptons.

In electroweakino production, the two leptons originating from Z⇤ ! `` are both soft, and their invariant
mass is small. Due to the recoil of the SUSY particle system against a jet from initial-state radiation, the
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of the leading lepton and Emiss

T , defined as m`1
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70 GeV to reduce the background from tt̄, WW/W Z , and W + jets. The dilepton invariant mass m`` is
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𝜉i obtained by solving
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2 soft leptons VRs
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2 soft leptons VR-DF
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2 soft leptons VR-VV
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2 soft leptons VR-SS
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2 soft leptons CRs
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2 soft leptons NUHM2 limits
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DRAFT

c⌧[mm] ⇠ 7 ⇥
26666664
*.
,
�m
⇣
�̃±1 , �̃

0
1,2
⌘

340 MeV
+/
-

3 vut
1 � m2

⇡

�m
⇣
�̃±1 , �̃

0
1,2
⌘2

37777775

�1

, (1)

where m⇡ denotes the charged pion mass. Only the chargino decay via a charged pion ( �̃±1 ! ⇡± �̃0
1,2)52

is considered in Eq.1. The contribution of the leptonic decay ( �̃±1 ! `±⌫ �̃0
1,2, where ` is a muon or an53

electron) to the total decay width is found to be small1. The lifetime of the chargino varies from 0.03 to54

0.07 ns, corresponding to c⌧ in the range from 8 mm to 20 mm, in the pure-higgsino scenario for a Lorenz55

factor of order unity. This allows the chargino to leave typically only 3 (or even fewer) hits in the pixel56

layers.57

2.2 Signal sample58

Pure-higgsino signal samples were generated with MG5_aMC@NLO (LO), considering �̃±1 �̃
0
1, �̃±1 �̃

0
2 and59

�̃±1 �̃
⌥
1 production modes, and including up to two extra partons. They were then interfaced to P�����8 [15]60

for parton showering and hadronisation. The CKKW-L merging scheme [16] was applied to combine61

tree-level matrix elements with parton showers. The scale parameter for merging was set to a quarter62

of the mass of the higgsino LSP. The A14 [17] set of tuned parameters with simultaneously optimised63

multi-parton interaction and parton shower parameters was used for the underlying event together with64

the NNPDF2.3LO [18] parton distribution function (PDF) set.65

The chargino was forced to decay not in P�����8 but instead in G����4 [19] simulation, in order to66

precisely simulate the response of the chargino interaction through the inner detector. The decay branching67

ratio of the chargino was fixed and set to B( �̃±1 ! ⇡± �̃0
1,2) = 95.5%, B( �̃±1 ! e±⌫ �̃0

1,2) = 3%, and68

B( �̃±1 ! µ±⌫ �̃0
1,2) = 1.5% [13], as the analysis does not depend much on the branching ratios over the69

mass-splitting considered in this model. The mass-splitting between the chargino and the LSP was set70

for the pure higgsino, which varies from 257 to 355 MeV in µ > 100 GeV. The mean lifetime was set to71

0.3 ns for any chargino mass, and events were then reweighted by decay time to any value of ⌧.72

Signal cross sections were calculated to next-to-leading order (NLO) in the strong couplings, adding the73

resummation of soft gluon emission at next-to-leading-logarithm accuracy (NLO+NLL) [20–22] using74

R�������� [23, 24]. The nominal cross-section and its uncertainty were taken from an envelope of cross-75

section predictions using di�erent PDF sets and factorisation and renormalisation scales, as described in76

Ref. [25].77

3 ATLAS detector and data collection78

The ATLAS detector [26] is a multipurpose particle detector with nearly 4⇡ coverage in solid angle79

around the collision point.2 It consists of an inner tracking detector (ID), surrounded by a superconducting80

1 The leptonic decay contribution to the total decay width varies from 3–7% depending on the �m( �̃±1 , �̃
0
1) in the pure-higgsino

regime.
2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector

and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points

30th November 2017 – 09:27 5

Example lifetimes:
μ = 100 GeV ⟹ Δm = 257 MeV, so cτ = 19.3 mm

μ = 1 TeV      ⟹ Δm = 355 MeV, so cτ = 6.7 mm
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Selection requirement Electroweak channel Strong channel
Observed Expected signal Observed Expected signal

Trigger 434 559 704 1276 (0.20) 434 559 704 285 (0.98)
Jet cleaning 288 498 579 1181 (0.19) 288 498 579 282 (0.97)
Lepton veto 275 243 946 1178 (0.19) 275 243 946 278 (0.95)
E

miss
T and jet requirements 2 697 917 579.1 (0.092) 537 861 202 (0.69)

Isolation and pT requirement 464 524 104.2 (0.017) 107 381 43.6 (0.15)
Geometrical |⌘ | acceptance 339 602 83.6 (0.013) 77 675 36.4 (0.13)
Quality requirement 6134 29.6 (0.0047) 1337 13.9 (0.048)
Disappearance condition 154 24.1 (0.0038) 35 11.0 (0.038)

Table 1: Summary of the selection criteria, and the corresponding observed number of events in data as well as
the expected number of signal events in simulation for two benchmark models: a chargino produced in direct
electroweak production with (m�̃±

1
, ⌧�̃±

1
) = (400 GeV, 0.2 ns) and a chargino produced in the strong channel with

(mg̃, m�̃±

1
, ⌧�̃±

1
) = (1600 GeV, 500 GeV, 0.2 ns) in the high-Emiss

T region. The expected number of signal events is
normalised to 36.1 fb�1. The signal selection e�ciencies are also shown in parentheses. The first row shows the
number of events after the application of detector and data quality conditions. Requirements below the dashed line
are applied to tracks and tracklets.

hits is reconstructed. Such events are rejected by the isolation requirement, the geometrical acceptance or
the quality selection.

To facilitate reinterpretation, the signal acceptance and e�ciency are shown in table 2 for a few signal
models with the following definitions. A generator-level event kinematic volume for electroweak produc-
tion is defined as: 1) E

miss
T > 140 GeV, 2) at least one jet with pT > 140 GeV, 3) �� > 1.0 between

the missing transverse momentum and each of the up to four highest-pT jets with pT > 50 GeV, and 4)
no electrons or muons. For strong production, the event requirements are: 1) E

miss
T > 150 GeV, 2) at

least one jet with pT > 100 GeV and at least two more jets with pT > 50 GeV, 3) �� > 0.4 between the
missing transverse momentum and each of the up to four highest-pT jets with pT > 50 GeV, and 4) no
electrons or muons. The generator-level missing transverse momentum is defined as the vector sum of
the pT of neutrinos, neutralinos and charginos, as the pT of a tracklet is not used in the reconstruction of
missing transverse momentum. The generator-level jets are built using the anti-kt algorithm with a radius
parameter of 0.4, taking as input all particles, except for muons, neutrinos, neutralinos and charginos,
with c⌧ > 10 mm. The fraction of chargino events passing this generator-level kinematic selection is
shown for several signal points as “event acceptance”. The “event e�ciency” is defined as the ratio of the
number of reconstructed events which pass the requirements defined in section 5.2 (including the trigger
requirement) to the number of events which fall into the generator-level acceptance volume defined above.
The event e�ciency does not include any requirement on tracklets. The event e�ciency can be greater
than unity because an event which is not in the generator-level kinematic volume can pass the selection
after reconstruction due to reconstruction resolutions.

The full selection e�ciency must also consider the probability of reconstructing in the event at least one
tracklet that satisfies the four tracklet selection criteria defined in section 5.1, and has a reconstructed
pT above 100 GeV. This is quantified in table 2 based on a generator-level tracklet selection. To be
accepted as a tracklet at generator level, a chargino must meet the following criteria: 1) pT > 20 GeV, 2)
0.1 < |⌘ | < 1.9, 3) 122.5 mm < decay position < 295 mm, where the decay position is the cylindrical
radius relative to the origin, and 4) �R > 0.4 between the chargino and each of the up to four highest-pT
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For Wino signal point:

Selection requirement Electroweak channel Strong channel
Observed Expected signal Observed Expected signal

Trigger 434 559 704 1276 (0.20) 434 559 704 285 (0.98)
Jet cleaning 288 498 579 1181 (0.19) 288 498 579 282 (0.97)
Lepton veto 275 243 946 1178 (0.19) 275 243 946 278 (0.95)
E

miss
T and jet requirements 2 697 917 579.1 (0.092) 537 861 202 (0.69)

Isolation and pT requirement 464 524 104.2 (0.017) 107 381 43.6 (0.15)
Geometrical |⌘ | acceptance 339 602 83.6 (0.013) 77 675 36.4 (0.13)
Quality requirement 6134 29.6 (0.0047) 1337 13.9 (0.048)
Disappearance condition 154 24.1 (0.0038) 35 11.0 (0.038)

Table 1: Summary of the selection criteria, and the corresponding observed number of events in data as well as
the expected number of signal events in simulation for two benchmark models: a chargino produced in direct
electroweak production with (m�̃±

1
, ⌧�̃±

1
) = (400 GeV, 0.2 ns) and a chargino produced in the strong channel with

(mg̃, m�̃±

1
, ⌧�̃±

1
) = (1600 GeV, 500 GeV, 0.2 ns) in the high-Emiss

T region. The expected number of signal events is
normalised to 36.1 fb�1. The signal selection e�ciencies are also shown in parentheses. The first row shows the
number of events after the application of detector and data quality conditions. Requirements below the dashed line
are applied to tracks and tracklets.

hits is reconstructed. Such events are rejected by the isolation requirement, the geometrical acceptance or
the quality selection.

To facilitate reinterpretation, the signal acceptance and e�ciency are shown in table 2 for a few signal
models with the following definitions. A generator-level event kinematic volume for electroweak produc-
tion is defined as: 1) E

miss
T > 140 GeV, 2) at least one jet with pT > 140 GeV, 3) �� > 1.0 between

the missing transverse momentum and each of the up to four highest-pT jets with pT > 50 GeV, and 4)
no electrons or muons. For strong production, the event requirements are: 1) E

miss
T > 150 GeV, 2) at

least one jet with pT > 100 GeV and at least two more jets with pT > 50 GeV, 3) �� > 0.4 between the
missing transverse momentum and each of the up to four highest-pT jets with pT > 50 GeV, and 4) no
electrons or muons. The generator-level missing transverse momentum is defined as the vector sum of
the pT of neutrinos, neutralinos and charginos, as the pT of a tracklet is not used in the reconstruction of
missing transverse momentum. The generator-level jets are built using the anti-kt algorithm with a radius
parameter of 0.4, taking as input all particles, except for muons, neutrinos, neutralinos and charginos,
with c⌧ > 10 mm. The fraction of chargino events passing this generator-level kinematic selection is
shown for several signal points as “event acceptance”. The “event e�ciency” is defined as the ratio of the
number of reconstructed events which pass the requirements defined in section 5.2 (including the trigger
requirement) to the number of events which fall into the generator-level acceptance volume defined above.
The event e�ciency does not include any requirement on tracklets. The event e�ciency can be greater
than unity because an event which is not in the generator-level kinematic volume can pass the selection
after reconstruction due to reconstruction resolutions.

The full selection e�ciency must also consider the probability of reconstructing in the event at least one
tracklet that satisfies the four tracklet selection criteria defined in section 5.1, and has a reconstructed
pT above 100 GeV. This is quantified in table 2 based on a generator-level tracklet selection. To be
accepted as a tracklet at generator level, a chargino must meet the following criteria: 1) pT > 20 GeV, 2)
0.1 < |⌘ | < 1.9, 3) 122.5 mm < decay position < 295 mm, where the decay position is the cylindrical
radius relative to the origin, and 4) �R > 0.4 between the chargino and each of the up to four highest-pT
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MET and jet requirements:
• MET > 140 GeV 
• at least one jet with  

pT > 140 GeV 
• Δφ > 1.0 between MET 

and up to four leading 
jets with pT > 50 GeV

Isolation and pT requirements:
• ΔR > 0.4 between tracklet and any 

jet with pT > 50 GeV or MS track 
•   
• Candidate tracklet must be highest 

pT track or tracklet in event, and 
have pT > 50 GeV
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Figure 4: Chargino reconstruction e�ciency as a function of decay radius. The reconstruction e�ciency of pixel
tracklets before applying the fake-rejection criteria is shown in red, while that obtained with the standard tracking
algorithm is shown in green. The error bars show statistical uncertainties in the estimation. Also shown in blue,
on the right axis, is the distribution of the decay radius for charginos with a lifetime of 0.2 ns. The yellow shaded
regions correspond to the coverage of each detector.

To reduce contributions from tracklets from background processes, the following requirements are applied
to the tracklets:

(1) Isolation and pT requirement: The separation �R between the tracklet and any jet with pT >
50 GeV or any reconstructed MS track must be greater than 0.4. A track or tracklet is defined as
isolated when the sum of the transverse momenta of all standard ID tracks with pT > 1 GeV and
|z0sin(✓)| < 3.0 mm in a cone of �R = 0.4 around the track or tracklet, not including the pT of the
candidate track or tracklet, divided by the track or tracklet pT, is small: p

cone40
T /pT < 0.04. The

candidate tracklet is required to be isolated. The candidate tracklet must have pT > 20 GeV, and
the pT must be the highest among isolated tracks and tracklets in the event.

(2) Geometrical acceptance: The tracklet must satisfy 0.1 < |⌘ | < 1.9.

(3) Quality requirement: The tracklet is required to have hits on all four pixel layers. The number
of pixel holes, defined as missing hits on layers where at least one is expected given the detector
geometry and conditions, must be zero. The number of low-quality hits4 associated with the tracklet
must be zero. Furthermore, tracklets must satisfy requirements on the significance of the transverse
impact parameter, d0 , |d0 |/�(d0) < 2 (where �(d0) is the uncertainty in the d0 measurement), and
|z0sin(✓)| < 0.5 mm. The �2-probability of the fit is required to be larger than 10%.

4 A hit is categorised as low quality when the single-hit position uncertainty is large, or the hit position is far from the
reconstructed tracklet.
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Geometrical |η| acceptance: 0.1 < |η| < 1.9

Quality requirement:
• Hits on all four pixel layers; zero holes 
• Zero “low quality” hits 
•                   ,  
• Fit     probability > 10%
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Figure 4: Chargino reconstruction e�ciency as a function of decay radius. The reconstruction e�ciency of pixel
tracklets before applying the fake-rejection criteria is shown in red, while that obtained with the standard tracking
algorithm is shown in green. The error bars show statistical uncertainties in the estimation. Also shown in blue,
on the right axis, is the distribution of the decay radius for charginos with a lifetime of 0.2 ns. The yellow shaded
regions correspond to the coverage of each detector.

To reduce contributions from tracklets from background processes, the following requirements are applied
to the tracklets:

(1) Isolation and pT requirement: The separation �R between the tracklet and any jet with pT >
50 GeV or any reconstructed MS track must be greater than 0.4. A track or tracklet is defined as
isolated when the sum of the transverse momenta of all standard ID tracks with pT > 1 GeV and
|z0sin(✓)| < 3.0 mm in a cone of �R = 0.4 around the track or tracklet, not including the pT of the
candidate track or tracklet, divided by the track or tracklet pT, is small: p

cone40
T /pT < 0.04. The

candidate tracklet is required to be isolated. The candidate tracklet must have pT > 20 GeV, and
the pT must be the highest among isolated tracks and tracklets in the event.

(2) Geometrical acceptance: The tracklet must satisfy 0.1 < |⌘ | < 1.9.

(3) Quality requirement: The tracklet is required to have hits on all four pixel layers. The number
of pixel holes, defined as missing hits on layers where at least one is expected given the detector
geometry and conditions, must be zero. The number of low-quality hits4 associated with the tracklet
must be zero. Furthermore, tracklets must satisfy requirements on the significance of the transverse
impact parameter, d0 , |d0 |/�(d0) < 2 (where �(d0) is the uncertainty in the d0 measurement), and
|z0sin(✓)| < 0.5 mm. The �2-probability of the fit is required to be larger than 10%.

4 A hit is categorised as low quality when the single-hit position uncertainty is large, or the hit position is far from the
reconstructed tracklet.
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Figure 4: Chargino reconstruction e�ciency as a function of decay radius. The reconstruction e�ciency of pixel
tracklets before applying the fake-rejection criteria is shown in red, while that obtained with the standard tracking
algorithm is shown in green. The error bars show statistical uncertainties in the estimation. Also shown in blue,
on the right axis, is the distribution of the decay radius for charginos with a lifetime of 0.2 ns. The yellow shaded
regions correspond to the coverage of each detector.

To reduce contributions from tracklets from background processes, the following requirements are applied
to the tracklets:

(1) Isolation and pT requirement: The separation �R between the tracklet and any jet with pT >
50 GeV or any reconstructed MS track must be greater than 0.4. A track or tracklet is defined as
isolated when the sum of the transverse momenta of all standard ID tracks with pT > 1 GeV and
|z0sin(✓)| < 3.0 mm in a cone of �R = 0.4 around the track or tracklet, not including the pT of the
candidate track or tracklet, divided by the track or tracklet pT, is small: p

cone40
T /pT < 0.04. The

candidate tracklet is required to be isolated. The candidate tracklet must have pT > 20 GeV, and
the pT must be the highest among isolated tracks and tracklets in the event.

(2) Geometrical acceptance: The tracklet must satisfy 0.1 < |⌘ | < 1.9.

(3) Quality requirement: The tracklet is required to have hits on all four pixel layers. The number
of pixel holes, defined as missing hits on layers where at least one is expected given the detector
geometry and conditions, must be zero. The number of low-quality hits4 associated with the tracklet
must be zero. Furthermore, tracklets must satisfy requirements on the significance of the transverse
impact parameter, d0 , |d0 |/�(d0) < 2 (where �(d0) is the uncertainty in the d0 measurement), and
|z0sin(✓)| < 0.5 mm. The �2-probability of the fit is required to be larger than 10%.

4 A hit is categorised as low quality when the single-hit position uncertainty is large, or the hit position is far from the
reconstructed tracklet.
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Figure 4: Chargino reconstruction e�ciency as a function of decay radius. The reconstruction e�ciency of pixel
tracklets before applying the fake-rejection criteria is shown in red, while that obtained with the standard tracking
algorithm is shown in green. The error bars show statistical uncertainties in the estimation. Also shown in blue,
on the right axis, is the distribution of the decay radius for charginos with a lifetime of 0.2 ns. The yellow shaded
regions correspond to the coverage of each detector.

To reduce contributions from tracklets from background processes, the following requirements are applied
to the tracklets:

(1) Isolation and pT requirement: The separation �R between the tracklet and any jet with pT >
50 GeV or any reconstructed MS track must be greater than 0.4. A track or tracklet is defined as
isolated when the sum of the transverse momenta of all standard ID tracks with pT > 1 GeV and
|z0sin(✓)| < 3.0 mm in a cone of �R = 0.4 around the track or tracklet, not including the pT of the
candidate track or tracklet, divided by the track or tracklet pT, is small: p

cone40
T /pT < 0.04. The

candidate tracklet is required to be isolated. The candidate tracklet must have pT > 20 GeV, and
the pT must be the highest among isolated tracks and tracklets in the event.

(2) Geometrical acceptance: The tracklet must satisfy 0.1 < |⌘ | < 1.9.

(3) Quality requirement: The tracklet is required to have hits on all four pixel layers. The number
of pixel holes, defined as missing hits on layers where at least one is expected given the detector
geometry and conditions, must be zero. The number of low-quality hits4 associated with the tracklet
must be zero. Furthermore, tracklets must satisfy requirements on the significance of the transverse
impact parameter, d0 , |d0 |/�(d0) < 2 (where �(d0) is the uncertainty in the d0 measurement), and
|z0sin(✓)| < 0.5 mm. The �2-probability of the fit is required to be larger than 10%.

4 A hit is categorised as low quality when the single-hit position uncertainty is large, or the hit position is far from the
reconstructed tracklet.
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disappearing track 
uncertainties
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Parameter Electroweak channel [%] Strong channel [%]
Expected signal events 11 13
↵ in signal pT resolution function 0.8 1.5
� in signal pT resolution function 5.3 7.2
log rABCD 15 <0.1
↵ in background pT resolution function 5.0 1.2
� in background pT resolution function 2.2 5.0
p0 parameter of the fake-BG pT function 2.5 <0.1
p1 parameter of the fake-BG pT function 8.5 0.1
Expected number of muon events 0.5 0.9
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disappearing track pure 
higgsino limits

�53

100 120 140 160 180 200
 [GeV]±

1
χ∼

m

 [n
s]

± 1χ∼τ

 )theoryσ1 ±Observed 95% CL limit (
 excluded±

1
χ∼

 )expσ1 ±Expected 95% CL limit (
Theoretical line for pure higgsino

 excluded±

1
χ∼LEP2 

ATLAS Preliminary
-1=13TeV, 36.1 fbs

0.02

0.03

0.04

0.05

0.07

0.1

0.2

0.3
 production

±

1
χ∼±

1
χ∼, 0

2
χ∼ ±

1
χ∼, 0

1
χ∼ ±

1
χ∼



Joana Machado Miguéns (UPenn) Compressed SUSY searches in ATLAS LHCP 2018 - Bologna

disappearing track yields
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Number of observed events
9

Number of expected events
Hadron+electron background 6.1 ± 0.6
Muon background 0.15 ± 0.09
Fake background 5.5 ± 3.3
Total background 11.8 ± 3.1
Number of expected signal events
for the higgsino LSP model with (m�̃±

1
, ⌧�̃±

1
) = (160GeV, 0.05 ns)

10.3 ± 2.1
Number of expected signal events
for the wino LSP model with (m�̃±

1
, ⌧�̃±

1
) = (400GeV, 0.2 ns)

13.5 ± 2.1


