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Scope of this talk (I) 
08/11/16 SUSY @ LHC 2 

•  18 ATLAS SUSY conference notes since August 
•  19 CMS SUSY conference notes since August  
 

•  But only 20 minutes today … L 

•  So .... hard choices made to fit in today’s slot  
•  8 analyses presented ! Some others flashed  

•  Talk focusing on 4 main topics: different eras of LHC Run 2  
 

•  Strong production searches è very early/early searches 
 

•  Third generation (focusing on stop searches) è early searches 
 

•  Electroweak production è ongoing searches 
 

•  RPV SUSY è preliminary searches 

ICHEP 
dataset 



Scope of this talk (II) 
08/11/16 SUSY @ LHC 3 

•  Today’s highlights 
 

•  Studied models 
•  Effective, simplified, … 

•  Considered experimental signatures 
•  All possible number of leptons: 0 to ≥ 3-leptons  

•  Main recent results 
•  Comparisons of sensitivities whenever possible 
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No discovery of SUSY 
announced today … 
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•  SUSY = one of the most promising BSM theories reachable @ LHC 
•  Solves/proposes to solve many issues of the SM  

•  Naturalness, dark matter, … 
•  Rich phenomenology 
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•  But, many free parameters in the models  
•  Mass spectrum to be determined 
•  Couplings to be observed 
•  … 

 
 
 

  
•  Extremely hard to perform a full scan of the parameter space …  

•  Mostly use (very) simplified models depending on O(2) parameters 

 



Quest for SUSY @ LHC 
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•  Mainly looked for by ATLAS and CMS 
 

•  Hard to reinvent the wheel 
•  Both experiments use close recipes: 

•  Signatures, background modeling, systematic treatment, … 
•  But with some noticeable differences in strategy 

 

•  In particular: use of shapes ! 
 

•  CMS heavily uses “shapes” or multi-channel approaches 
•  Pros 

•  Improved sensitivity (more information learnt from data/different phase space corners) 

•  Cons 
•  Depends on the signal shape … But is it known ? 
•  Background estimation needs to be more refined (to account for shape effects) 

•  ATLAS mostly using single-bin cut-and-count analyses 
•  Pros 

•  Easier to recast (only event count) 
•  Only background normalisation to be corrected for 

•  Cons 
•  Slightly worse sensitivity 



Outline 
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•  Strong production : squarks and gluinos 

•  3rd generation: the top squark searches 

•  Electroweak SUSY 

•  R-parity violating SUSY 
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ATLAS-CONF-2016-052 
ATLAS-CONF-2016-037 

SUS-16-014 

SUS-16-020 

SUS-16-015 
SUS-16-016 

SUS-16-016 

SUS-16-022 

SUS-16-030 

SQUARKS AND GLUINOS 



•  Ideal target for the early Run 2 
•  Large cross-section increase w.r.t. 8 TeV 
•  Largely dominating w.r.t. EW for reasonably heavy squarks/gluinos 

 è No need for very high lumi to be sensitive 
 

•  Two main simplified models considered 

•  pp à tttt + N1N1 

 

•  pp à bbbb + N1N1 
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Squark and gluino productions 



•  Covered in both ATLAS and CMS 
•  4 top quarks in the final state 

•  Very spectacular final states !!! 
•  0 lepton è large Njets (up to 12 hard jets) 
•  1 lepton è large BR and clear signature  
•  ≥2L è particularly interesting in same-sign 

 

•  Signature always contains: 
•  Many jets 
•  Large MET  
•  Many b-jets 

•  Dominating backgrounds sources 
•  ttbar+jets / V+jets via MC or via instrumental  
   background (fake leptons, lost leptons, …) 
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gg à tttt + N1N1 

144
Chapitre 7. Recherche de sgluons dans les états finals à quatre quarks top dans

l’expérience Atlas
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Figure 7.3 – Diagrammes de Feynman décrivant la désintégration d’un sgluon en une paire quark-
antiquark (a) et une paire de gluons (b) via des boucles de squarks et de gluinos.
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Figure 7.4 – Rapport de branchement de quatre bosons W provenant de la désintégration de quarks
top (h : hadronique, l : leptonique).

transverse si |JVF|  0.5. En effet, au cours de cette analyse, la correction de l’effet d’empilement via
la notion d’aire active du jet n’est pas utilisée.
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Region definitions (I) 
General philosophy 

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

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

g ~ 

X0 ~ C 

B 

A 

A à 

B à 

C à 

large mass splitting 

intermediate mass splitting 

small mass splitting 

•  ATLAS strategy 
•  Tight event-counting regions targeting different phase space corners 
•  Control regions (CR) defined to normalize backgrounds 
•  Background validated in validation regions (VR) 
•  Relies on kinematic/event variables: 

•  meff, Njets, Nb-jets, MET, Nleptons, mT(b,MET), top-tagging, … 
 

•  CMS strategy 
•  Large number of non-overlaping SRs (160 regions in 0L) combined altogether 
•  CRs defined to estimate each background source individually 
•  Closure tests performed to validate backgrounds prediction 
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Figure 2: Schematic illustration of the 10 search intervals in the Hmiss
T versus HT plane. Each of

these intervals is examined in four Njet and four Nb-jet bins, giving a total of 160 search regions.
The intervals labeled C1, C2, and C3 are control regions used to evaluate the QCD multijet
background. Note that the rightmost and topmost bins extend to HT = • and Hmiss

T = •,
respectively.

Table 1: Definition of the 10 search intervals in the Hmiss
T and HT variables.

Bin Hmiss
T [GeV] HT [GeV]

1 300–350 300–500
2 300–350 500–1000
3 300–350 > 1000
4 350–500 350–500
5 350–500 500–1000
6 350–500 > 1000
7 500–750 500–1000
8 500–750 > 1000
9 > 750 750–1500
10 > 750 > 1500

Ten exclusive intervals in HT and Hmiss
T are defined, as specified in Table 1 and shown schemat-

ically in Fig. 2. Regions with both small HT and large Hmiss
T are not included because such

regions are dominated by background events. The total number of search regions is 160. The
intervals labeled C1, C2, and C3 in Fig. 2 are control regions used to evaluate the QCD multijet
background (Section 5.3).

4 Event simulation
The background is mostly evaluated using data control regions, as described below (Section 5).
Simulated samples of SM events are used to construct and validate the procedures and for
some secondary aspects of the background evaluation. The MADGRAPH5 aMC@NLO 2.2.2 [33]
event generator at leading order (LO) is used to simulate tt, W+jets, Z+jets, g+jets, and QCD
multijet events. This same generator at next-to-leading (NLO) order is used to describe single
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Figure 6: Observed numbers of events and corresponding prefit SM background predictions in
the 160 search regions of the analysis, with fractional differences shown in the lower panel. The
shaded regions indicate the total uncertainties in the background predictions. The numerical
values are tabulated in Appendix A. The labeling of the search regions is the same as in Fig. 3.

T1bbbb scenario are included to illustrate a potential SUSY signal. Similarly, Fig. 8 shows one-
dimensional projections of the results in either Hmiss

T , Njet, or Nb-jet after criteria are imposed,
as indicated in the legends, to select intervals of the search region parameter space particularly
sensitive to the production of signal events in the T1tttt, T1bbbb, T1qqqq, T2tt, T2bb, or T2qq
scenarios. In each case, two example signal distributions are shown: one with meg or meq � mec0

1
,

and one with mec0
1
⇠ meg or meq, with both example scenarios well within the parameter space

excluded by the present study (see below).

A likelihood fit to the data is used to set limits on the production cross sections of the signal sce-
narios. The fitted parameters are the SUSY signal strength, the yields of the four background
classes indicated in Fig. 6, and various nuisance parameters. The limits are determined as a
function of mec0

1
and meg for the models of gluino pair production and as a function of mec0

1
and

meq for the models of squark-antisquark production. The likelihood function is the product of
Poisson probability density functions, one for each search region, and constraint terms that ac-
count for uncertainties in the background predictions and signal yields. These uncertainties
are treated as nuisance parameters with log-normal probability density functions. Correla-
tions are taken into account where appropriate. The signal model uncertainties associated with
the renormalization and factorization scales, ISR, the jet energy scale, the b jet tagging, and
the statistical fluctuations vary substantially with the event kinematics and are evaluated as
a function of meg and mec0

1
, or meq and mec0

1
. The test statistic is qµ = �2 ln

�
Lµ/Lmax

�
, where

Lmax is the maximum likelihood determined by allowing all parameters including the SUSY
signal strength µ to vary, and Lµ is the maximum likelihood for a fixed signal strength. To
set limits, we use asymptotic results for the test statistic [68] and the CLs method described in



08/11/16 SUSY @ LHC 14 

gg à tttt + N1N1 

•  No significant excess observed compared to background expectations 
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•  Each analysis sensitive in different corners 
•  same-sign more sensitive along diagonal, 0/1-lep for massless neutralinos 

 

•  ATLAS more sensitive due to 0L/1L channels statistical combination 



•  Only accessible in 0L channel 
•  Multiple b-jets and high MET  
•  Analysis strategies very close to previous one 
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gg à bbbb + N1N1 



•  Only accessible in 0L channel 
•  Multiple b-jets and high MET  
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gg à bbbb + N1N1 
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•  CMS more sensitive (especially along diagonal) 
•  Thanks to multi-bin combination è recover SR inefficiencies in this regime 



3RD GENERATION 
… but only stop for today ... 
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ATLAS-CONF-2016-077 

ATLAS-CONF-2016-076 

SUS-16-029 
SUS-16-016 
SUS-16-027 

ATLAS-CONF-2016-050 



•  Simplified models to depend on 2 parameters only 
•  Top squark mass  
•  Neutralino mass 

•  Different mass splitings 
•  = different decay types 
•  = different experimental  
      signatures 
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3rd generation squark searches (I) 

m(t1) 

m
(N

1)
 

•  Can be searched for in 0, 1 and 2L final states ! 
 

•  ICHEP phase space coverage 
•  CMS: 3 regions  
•  ATLAS: only 2 (intermediate and high spliting) 

 

•  No dramatic change in analysis strategies 

stàt+N1 stàbW+N1 stàc+N1 
stàb+ff’+N1 

Δm = m(st1) – m(N1) 

A C B 



•  Analysis strategies 
•  Sensitivity to different kinematics: same problematic as for tttt/bbbb+N1 
•  High Δm searches 

•  High top pT: top/W tagging algorithms (jet reclustering, substructure-based, …) 
•  Use of mT

b,min (supresses ttbar+jets) 
•  Intermediate/low Δm  

•  Recursive Jigsaw (ISR-tagging) (ATLAS) 
•  Anti-b-tagging (ISR-tagging) (CMS) 
•  Lower jet multiplicity requirement 

•  Same as previous section 
•  ATLAS: few overlapping regions 
•  CMS: full multi-channels combination 
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3rd generation squark searches (II) 

•  Can be searched for in 0, 1 and 2L final states ! 

•  CMS covering 3 regions with ICHEP dataset (ATLAS only 2) 

of a jet with a top daughter may no longer hold. Thus, the two hadronic top candidates are reconstructed
by applying the anti-kt clustering algorithm [54] to the R = 0.4 jets, using reclustered distance parameters
of R = 0.8 and R = 1.2. Two R = 1.2 reclustered jets are required; the mass of the highest pT R = 1.2
reclustered jet is shown in Fig. 2 (a). The events are divided into three categories based on the resulting
R = 1.2 reclustered jet masses, as illustrated in Fig. 3: the “TT" category includes events with two
well-reconstructed top candidates, the “TW” category contains events with one well-reconstructed top
candidate and a well-reconstructed W candidate, and the “T0" category represents events with only one
well-reconstructed top candidate. Since the signal-to-background ratio is quite di�erent in each of these
categories, they are optimized individually for both SRA and SRB.

E
ve

n
ts

 /
 2

0
 G

e
V

0

500

1000

Data

SM Total

tt

Single Top

+Vtt

W

Z

Diboson

)=(600,300) GeV
1

0
χ
∼,

1
t
~

30.0 x (

)=(800,1) GeV
1

0
χ
∼,

1
t
~

30.0 x (

ATLAS Preliminary
-1=13 TeV, 13.3 fbs

>50 GeV,minb

Tmpreselection + 

 [GeV]0
=1.2Rjet, m

0 100 200 300 400

D
a

ta
 /

 S
M

0.0

0.5

1.0

1.5

2.0

(a)

E
ve

n
ts

 /
 5

0
 G

e
V

0

500

1000

1500

2000

Data

SM Total

tt

Single Top

+Vtt

W

Z

Diboson

)=(600,300) GeV
1

0
χ
∼,

1
t
~

30.0 x (

)=(800,1) GeV
1

0
χ
∼,

1
t
~

30.0 x (

ATLAS Preliminary
-1=13 TeV, 13.3 fbs

>50 GeV,minb

Tmpreselection + 

 [GeV],minb

Tm

0 200 400 600

D
a

ta
 /

 S
M

0.0

0.5

1.0

1.5

2.0

(b)

Figure 2: Distributions of discriminating variables after the common preselection and an additional mb,min
T > 50 GeV

requirement. The stacked histograms show the SM expectation, normalized using scale factors derived from the
simultaneous fit to all backgrounds. The “Data/SM" plots show the ratio of data events to the total SM expectation.
The hatched uncertainty band around the SM expectation and in the ratio plots illustrates the combination of
statistical and detector-related systematic uncertainties. The rightmost bin includes all overflows.

The most powerful discriminating variable against SM tt̄ production is the Emiss
T resulting from the

undetected �̃0
1s. Substantial tt̄ background rejection is provided by additional requirements to reject

events in which one W decays via a lepton plus neutrino. The first requirement is that the transverse mass
(mT) calculated from the Emiss

T and the b-tagged jet closest in � to the p

miss
T direction is above 200 GeV:

mb,min
T =

q
2 pbT Emiss

T

f
1 � cos��

⇣
p

b
T, p

miss
T

⌘g
> 200 GeV, (1)

as illustrated in Fig. 2 (b). The second requirement is a “⌧-veto” targeted at hadronic ⌧ lepton candidates
likely to have originated from a W ! ⌧⌫ decay. Events that contain a non-b-tagged jet within |⌘ | < 2.5
with  4 associated charged-particle tracks with pT > 500 MeV, and where the �� between the jet and
the p

miss
T is less than ⇡/5 radians, are vetoed. In SRB, additional discrimination is provided by mb,max

T and
�R(b, b). The former quantity is analogous to mb,min

T except that the transverse mass is computed with
the b-tagged jet that has the largest �� with respect to the p

miss
T direction. The latter quantity provides

additional discrimination against background where the two b-tagged jets come from a gluon splitting.
Table 1 summarizes the selection criteria that are used in these two signal regions.

8



08/11/16 SUSY @ LHC 20 

 [GeV]t~m
200 400 600 800 1000 1200

 [G
eV

]
10 χ∼

m

0

100

200

300

400

500

600

700

800

900

CMS Preliminary

1
0χ∼ t→ t~,  t~t~ →pp ICHEP 2016

13 TeV
Expected
Observed

-1), 12.9 fbmiss
TSUS-16-014, 0-lep (H

-1), 12.9 fbT2SUS-16-015, 0-lep (M
-1), 12.9 fbTαSUS-16-016, 0-lep (
-1SUS-16-029, 0-lep stop, 12.9 fb

-1SUS-16-030, 0-lep (top tag), 12.9 fb
-1SUS-16-028, 1-lep stop, 12.9 fb

-1Combination 0-lep and 1-lep stop, 12.9 fb

0
1χ∼

 + 
m

t

 = 
m

t~m

23

 [GeV]t~m
200 300 400 500 600 700 800 900 1000

 [G
eV

]
0 1χ∼

m

0

50

100

150

200

250

300

350

400

450

500

3−10

2−10

1−10

1

10

210
 (13 TeV)-112.9 fbCMSPreliminary

0
1
χ∼ ± W→ 

1
±χ∼, 

1
±χ∼ b → t~, t~ t~ →pp 

NLO+NLL exclusion
theoryσ 1 ±Observed )/20

1
χ∼

 + m
t~

 = (m±

1
χ∼m

experimentσ 1 ±Expected 

95
%

 C
.L

. u
pp

er
 lim

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]
Figure 8: Exclusion limits at 95% CL for simplified models of top squark pair production in the
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Figure 9: Exclusion limits at 95% CL for simplified models of top squark pair production in
the et1 ! bff̄ec0

1 (“T2fbd”) four-body decay scenario. The solid black curves represent the
observed exclusion contours with respect to NLO+NLL cross section calculations [22] and the
corresponding ±1 standard deviations. The dashed red curves indicate the expected exclusion
contour and the ±1 standard deviations with experimental uncertainties.

1 Introduction

Supersymmetry (SUSY) [1–6] is a well motivated extension of the Standard Model (SM) that introduces
supersymmetric partner (superpartner) particles to each of the SM particles and that provides a natural
solution [7, 8] to the hierarchy problem [9–12]. The top squark or stop (t̃), which is the superpartner
of the top quark, is expected to be relatively light due to its large contribution to the Higgs boson mass
radiative corrections [13, 14]. A common theoretical strategy for avoiding strong constraints from the
non-observation of proton decay [15] is to introduce a multiplicative quantum number called R-parity. If
R-parity is conserved [16], SUSY particles are produced in pairs and the lightest supersymmetric particle
(LSP) is stable. This analysis follows the typical assumption that the lightest neutralino1 ( �̃0

1) is the LSP.
Since the �̃0

1 interacts only weakly, it can serve as a candidate for dark matter [17, 18].

The analysis described in this note closely follows and extends the previous search for stop production
using 2015 data [19]. This note presents a search targeting the direct production of the lighter stop2 (t̃1),
illustrated by the diagrams in Figure 1. The stop can decay into a variety of final states, depending amongst
other things on the SUSY particle mass spectrum, in particular on the masses of the stop, chargino and
lightest neutralino. When the decay into b �̃±1 is kinematically allowed, the t̃1 decay branching ratio (BR)
is determined by the stop mixing matrix and the field content of the neutralino/chargino sector.

In addition to the direct stop search, a dark matter (DM) scenario [20–22] is also studied. Figure 2
illustrates a Feynman diagram where the DM particles (represented by �) are pair-produced via a spin-0
mediator (either scalar or pseudo-scalar). The mediator couples to the SM particles by mixing with the
Higgs sector.
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Figure 1: Diagrams illustrating the direct pair production of t̃1 particles and their decays, which are referred to as
t̃1 ! t + �̃0

1 (left) and t̃1 ! b + �̃±1 (right). Furthermore, a mixed decay scenario where each t̃1 decays via either
t̃1 ! t + �̃0

1 and t̃1 ! b + �̃±1 for various BR is considered (not shown). For simplicity, no distinction is made
between particles and antiparticles.

The analysis presented here targets final states with one lepton, where the W boson from one of the top
quarks decays to an electron or muon (either directly or via a ⌧ lepton) and the W boson from the other

1 The charginos �̃±1,2 and neutralinos �̃0
1,2,3,4 are the mass eigenstates formed from the linear superposition of the charged and

neutral superpartners of the Higgs and electroweak gauge bosons (higgsinos, winos and binos).
2 The superpartners of the left- and right-handed top quarks, t̃L and t̃R, mix to form the two mass eigenstates t̃1 and t̃2, where

t̃1 is the lighter one.
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1 Introduction

Supersymmetry (SUSY) [1–6] is a well motivated extension of the Standard Model (SM) that introduces
supersymmetric partner (superpartner) particles to each of the SM particles and that provides a natural
solution [7, 8] to the hierarchy problem [9–12]. The top squark or stop (t̃), which is the superpartner
of the top quark, is expected to be relatively light due to its large contribution to the Higgs boson mass
radiative corrections [13, 14]. A common theoretical strategy for avoiding strong constraints from the
non-observation of proton decay [15] is to introduce a multiplicative quantum number called R-parity. If
R-parity is conserved [16], SUSY particles are produced in pairs and the lightest supersymmetric particle
(LSP) is stable. This analysis follows the typical assumption that the lightest neutralino1 ( �̃0

1) is the LSP.
Since the �̃0

1 interacts only weakly, it can serve as a candidate for dark matter [17, 18].

The analysis described in this note closely follows and extends the previous search for stop production
using 2015 data [19]. This note presents a search targeting the direct production of the lighter stop2 (t̃1),
illustrated by the diagrams in Figure 1. The stop can decay into a variety of final states, depending amongst
other things on the SUSY particle mass spectrum, in particular on the masses of the stop, chargino and
lightest neutralino. When the decay into b �̃±1 is kinematically allowed, the t̃1 decay branching ratio (BR)
is determined by the stop mixing matrix and the field content of the neutralino/chargino sector.

In addition to the direct stop search, a dark matter (DM) scenario [20–22] is also studied. Figure 2
illustrates a Feynman diagram where the DM particles (represented by �) are pair-produced via a spin-0
mediator (either scalar or pseudo-scalar). The mediator couples to the SM particles by mixing with the
Higgs sector.
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•  Some slight excesses (~2-3σ) in ATLAS – weaker in CMS 
•  Senstitivity close between both experiments 

3rd generation squark searches (III) 



ELECTROWEAK PRODUCTION 
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ATLAS-CONF-2016-093 SUS-16-024 
SUS-16-026 ATLAS-CONF-2016-096 



•  Constraints on gluinos/stops are quite stringent … 
 

•  Despite lower expected cross-section, LHC starting to be sensitive to 
EW SUSY production  
•  e.g. Direct production of electroweakinos 

•  For now, mainly spectacular final states 
•  Multiple leptons (≥3 leptons – democratic charginos/neutralino decays) 
•  Multiple taus (1 or 3 taus – tau-enriched or -dominated models) 
•  Multiple b-jets (Higgs bosons in decay chain) 
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Electroweak production (I) 

NB: C1 and N2 considered as degenerate 



•  Search in multi-lepton final states 
•  Democratic decays of N2 and C1 

•  Searched for in 2-lepton (C1C1 or C1N2 with unidentified leptons) 
•  CMS uses information about tau leptons to classify events 
•  ATLAS only uses electrons/muons 

•  Searched for in ≥3 leptons (C1N2) or ≥4 leptons 
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Electroweak production (II) 
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2 production

Figure 7: Observed and expected exclusion limits on the �̃0
2, �̃±1 and �̃0

1 masses in the context of SUSY scenarios
with simplified mass spectra for direct �̃+1 �̃

�
1 pair production using the two-lepton signal regions (a) and direct

�̃±1 �̃
0
2 production using the three-lepton signal regions (b). The contours of the band around the expected limit are

the ±1� results, including all uncertainties except theoretical uncertainties on the signal cross-section. The dotted
lines around the observed limit illustrate the change in the observed limit as the nominal signal cross-section is
scaled up and down by the theoretical uncertainty. All limits are computed at 95% CL. The observed limits obtained
from ATLAS during LHC Run I are also shown [19–21].

10 Conclusion

A search for the electroweak production of supersymmetric particles in events with exactly two- and
three-leptons and Emiss

T is presented. The analysis is performed with proton-proton collision data atp
s = 13 TeV collected with the ATLAS detector at the Large Hadron Collider corresponding to an

integrated luminosity of 13.3 fb�1. With no significant excess over the Standard Model expectation
observed, results are interpreted in the framework of simplified models featuring chargino and neutralino
production. The limits set by this search extend the previous ones set during the LHC Run I by 140 GeV
for the �̃+1 �̃

�
1 production and by 300 GeV for the case of �̃±1 �̃

0
2 production.
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scaled up and down by the theoretical uncertainty. All limits are computed at 95% CL. The observed limits obtained
from ATLAS during LHC Run I are also shown [19–21].
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Figure 1: Diagrams for the two physics scenarios studied in this note: (a) �̃+1 �̃
�
1 with ˜̀-mediated decays, (b) �̃±1 �̃

0
2

with ˜̀-mediated decays.

G����4 for the other parts of the detector [31]. The simulated events are reconstructed in the same manner
as the data.

SM diboson processes with four charged leptons (`), three charged leptons and one neutrino, or two charged
leptons and two neutrinos are simulated using the S����� v2.1.1 generator [32, 33]. The matrix elements
contain the diboson WW , W Z and Z Z processes and all other diagrams with four or six electroweak
vertices (such as same-electric-charge W boson production in association with two jets, W±W± j j).

Fully leptonic triboson processes (WWW , WW Z , W Z Z and Z Z Z) with up to six charged leptons are also
simulated using S����� v2.1.1 and described in Ref. [33]. The 4` and 2` + 2⌫ processes are calculated
at next-to-leading order (NLO) for up to one additional parton; final states with two and three additional
partons are calculated at leading order (LO). The WW Z ! 4` + 2⌫ or 2` + 4⌫ processes are calculated
at LO with up to two additional partons. The 3` + 1⌫ process is calculated at NLO and up to three extra
partons at LO using the Comix [34] and OpenLoops [35] matrix element generators and merged with the
S����� parton shower [36] using the ME+PS@NLO prescription [37]. The WW Z/W Z Z ! 3` + 3⌫,
Z Z Z ! 6` + 0⌫, 4` + 2⌫ or 2` + 4⌫ processes are calculated with the same configuration but with up to
only two extra partons at LO. The CT10 [38] parton distribution function (PDF) set is used for all S�����
samples in conjunction with a dedicated tuning of the parton shower parameters developed by the S�����
authors. The generator cross-sections (at NLO for most of the processes) are used when normalising these
backgrounds.

Events containing Z bosons with associated jets (Z/�⇤+jets) are produced using the S����� v2.2 generator
with massive b/c-quarks to improve the treatment of the associated production of Z bosons with heavy
flavour jets [39]. Matrix elements are calculated for up to two partons at NLO and up to four partons at
leading order (LO). The matrix elements are calculated using the C���� and O���L���� generators of
matrix elements and merged with the S����� parton shower using the ME+PS@NLO prescription. The
CT10 PDF set is used in conjunction with a dedicated parton shower tuning developed by the S�����
authors. A global k-factor is used to normalise the Z/�⇤+jets events to the NNLO QCD cross sections.

For the production of tt̄ and single top-quarks in the Wt channel, the P�����-Box v2 generator with the
CT10 PDF set is used [40]. The top quark mass is assumed to be 172.5 GeV. The tt̄ (single top) events
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Figure 7: Interpretation of the results of the three-lepton search in the flavor-democratic signal
model with slepton mass parameter x ˜̀ = 0.5. The shading in the mec0

1
versus mec0

2
(= mec±

1
)

plane indicates the 95% CL upper limit on the chargino-neutralino production cross section
times branching fraction. The contours bound the mass regions excluded at 95% CL assum-
ing the NLO+NLL cross sections for a branching fraction of 50%, as appropriate for the visi-
ble decay products in this scenario. The observed, ±1stheory observed, median expected, and
±1sexperiment expected bounds are shown.
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Figure 9: Interpretation of the results of the three-lepton search in the tau-dominated signal
model with slepton mass parameter x ˜̀ = 0.5. The shading in the mec0

1
versus mec0

2
(= mec±

1
) plane

indicates the 95% CL upper limit on the chargino-neutralino production cross section times
branching fraction. The contours bound the mass regions excluded at 95% CL assuming the
NLO+NLL cross sections for a branching fraction of 100%. The observed, ±1stheory observed,
median expected, and ±1sexperiment expected bounds are shown.
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(a) WZ scenario
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(b) WH scenario

Figure 10: Interpretation of the results of the three-lepton search in the scenarios without inter-
mediate light sleptons present and yielding (a) WZ+Emiss

T or (b) WH+Emiss
T in the final state. The

shading in the mec0
1

versus mec0
2

(= mec±
1

) plane indicates the 95% CL upper limit on the chargino-
neutralino production cross section times branching fraction. The contours bound the mass
regions excluded at 95% CL assuming the NLO+NLL cross sections for a branching fraction of
100%. The observed, ±1stheory observed, median expected, and ±1sexperiment expected bounds
are shown.
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G����4 for the other parts of the detector [31]. The simulated events are reconstructed in the same manner
as the data.

SM diboson processes with four charged leptons (`), three charged leptons and one neutrino, or two charged
leptons and two neutrinos are simulated using the S����� v2.1.1 generator [32, 33]. The matrix elements
contain the diboson WW , W Z and Z Z processes and all other diagrams with four or six electroweak
vertices (such as same-electric-charge W boson production in association with two jets, W±W± j j).

Fully leptonic triboson processes (WWW , WW Z , W Z Z and Z Z Z) with up to six charged leptons are also
simulated using S����� v2.1.1 and described in Ref. [33]. The 4` and 2` + 2⌫ processes are calculated
at next-to-leading order (NLO) for up to one additional parton; final states with two and three additional
partons are calculated at leading order (LO). The WW Z ! 4` + 2⌫ or 2` + 4⌫ processes are calculated
at LO with up to two additional partons. The 3` + 1⌫ process is calculated at NLO and up to three extra
partons at LO using the Comix [34] and OpenLoops [35] matrix element generators and merged with the
S����� parton shower [36] using the ME+PS@NLO prescription [37]. The WW Z/W Z Z ! 3` + 3⌫,
Z Z Z ! 6` + 0⌫, 4` + 2⌫ or 2` + 4⌫ processes are calculated with the same configuration but with up to
only two extra partons at LO. The CT10 [38] parton distribution function (PDF) set is used for all S�����
samples in conjunction with a dedicated tuning of the parton shower parameters developed by the S�����
authors. The generator cross-sections (at NLO for most of the processes) are used when normalising these
backgrounds.

Events containing Z bosons with associated jets (Z/�⇤+jets) are produced using the S����� v2.2 generator
with massive b/c-quarks to improve the treatment of the associated production of Z bosons with heavy
flavour jets [39]. Matrix elements are calculated for up to two partons at NLO and up to four partons at
leading order (LO). The matrix elements are calculated using the C���� and O���L���� generators of
matrix elements and merged with the S����� parton shower using the ME+PS@NLO prescription. The
CT10 PDF set is used in conjunction with a dedicated parton shower tuning developed by the S�����
authors. A global k-factor is used to normalise the Z/�⇤+jets events to the NNLO QCD cross sections.

For the production of tt̄ and single top-quarks in the Wt channel, the P�����-Box v2 generator with the
CT10 PDF set is used [40]. The top quark mass is assumed to be 172.5 GeV. The tt̄ (single top) events

4



•  Search for EW SUSY in WH final states (1-lepton) 
•  Only considering H à bb decays (mass requirement) 
•  Massless neutralino 
•  Only one region (high energy + 2 b-jets) 
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Figure 4: Distribution of Mbb̄ after all signal region kinematic requirements. The signal region
corresponds to the bins with 90 < Mbb̄ < 150 GeV. The hatched band shows the total un-
certainty on the background prediction, including statistical and systematic components. The
signal distribution for a reference mass point is overlaid as an open histogram, and the legend
entry for signal gives the masses (mc̃±

1
, mc̃0

1
).

bosons decay according to their standard model branching fractions. Upper limits on the new-
physics cross sections are derived from the yields in the one signal region using a modified
frequentist approach, employing the CLs method and an asymptotic formulation [41–44].

The systematic uncertainties considered on the signal yield are summarized in Table 5 along
with their typical values. The signal points with the largest uncertainties are those with Dm =
mc̃±

1
� mc̃0

1
' mH. Kinematic properties of these signal events are most similar to the standard

model backgrounds and the acceptance is thus smaller than for points with larger Dm values.
For these points with compressed mass splittings, the largest uncertainties in the signal yields
arise from the jet energy scale (up to 27%), Emiss

T resolution in fast simulation (up to 50%), and
limited MC statistics (up to 40%). For points with larger Dm values, the largest uncertainties
come again from the Emiss

T resolution in fast simulation (typically 5–10%) and from the uncer-
tainty in the integrated luminosity (6.2%). Other experimental and theoretical uncertainties are
also considered and lead to smaller changes in the expected yields, including generator renor-
malization and factorization scales, b-tagging efficiency, lepton reconstruction, identification,
and isolation efficiency, and trigger efficiency.

Figure 5 then shows the expected and observed 95% confidence level (CL) exclusion limits on
the cross section for c̃±

1 c̃0
2 ! WHc̃0

1c̃0
1 as a function of chargino mass assuming an LSP with

a mass of 1 GeV. The next-to-leading-order (NLO) theoretical cross section for production of
c̃±

1 c̃0
2 is also shown, assuming these are pure wino states [45, 46].

11

Table 5: Sources of systematic uncertainty on the estimated signal yield along with their typical
values. The ranges represent variation across the signal masses probed.

Source Typical Values
Integrated luminosity 6.2%
MC statistics 3–40%
Renormalization and factorization scales 1–3%
B-tagging efficiency 2–3%
Lepton efficiency 2–5%
Trigger efficiency 1–5%
Jet energy scale 1–27%
Fastsim Emiss

T resolution 5–50%
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Figure 5: Expected and observed cross section limits at the 95% CL as a function of the chargino
mass, where the LSP is assumed to have a mass of 1 GeV. The NLO theoretical cross section
for production of c̃±

1 c̃0
2 is also shown, assuming these are pure wino states.

6 Conclusions
A search was performed for beyond the standard model physics in events with a leptonically-
decaying W boson, a Higgs boson decaying to a bb pair, and Emiss

T , using 12.9 fb�1 of data
recorded by CMS in 2016 at

p
s = 13 TeV. The observed data are in agreement with the standard

model expectation. The results were used to set cross section limits on chargino-neutralino
production in a simplified SUSY model with the decays c̃±

1 ! Wc̃0
1 and c̃0

2 ! Hc̃0
1.
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•  Search in tau-lepton events 
•  ≥2 taus in events  

•  Good for trigger !  
•  b-jet and Z veto (ttbar/Z+jets suppressed) 
•  Dominated by QCD background (misidentified taus) 
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Figure 7: 95 % CL exclusion limits for simplified models with �̃+1 �̃
�
1 production (left) and associated production

of �̃+1 �̃
�
1 and �̃±1 �̃

0
2 (right). See text for details of exclusion curves and uncertainty bands. The LEP limit on

the chargino mass is also shown. Results are compared with the observed limits obtained by previous ATLAS
searches [34] as blue contours.

sensitivity in the low mass region is weaker than Run-1 results since the signal region optimization is
based on reference points with high chargino mass.

11 Conclusion

Searches for the electroweak production of supersymmetric particles in events with at least two hadronically
decaying taus are performed using 14.8 fb�1 of proton–proton collision data at

p
s = 13 TeV recorded with

the ATLAS experiment at the Large Hadron Collider. Agreement between data and SM expectations is
observed in all signal regions. These results are used to set limits on the visible cross section for events
beyond the Standard Model in each signal region.

Exclusion limits are placed on parameters of the simplified models. Chargino masses up to 580 GeV are
excluded for a massless lightest neutralino in the scenario of direct production of wino-like chargino pairs,
with each chargino decaying into the lightest neutralino via an intermediate on-shell stau or tau sneutrino.
In the case of associated production of chargino pairs and mass-degenerate charginos and next-to-lightest
neutralinos, masses up to 700 GeV are excluded for a massless lightest neutralino.
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•  Studied in ATLAS and CMS 
•  No update from CMS with 2016 data 
•  Focusing on ATLAS program 

 

•  R-parity violation described by one non-zero 
parameter: λ’’ 

 

•  Search performed in 1-lepton channel 
•  Very high jet multiplicity expected (up to 16 jets !!!!) 
•  Multiple SRs with up to ≥10 jets  
•  Background (ttbar+jets) estimated by fit to data in different 

jet multiplicity bins è modeling looks excellent !  
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Figure 1: Diagrams of the signal benchmark models. Both models involve pair production of gluinos with each
gluino decaying as a) g̃ ! tt̄ �̃0

1 ! tt̄uds b) g̃ ! t̄ t̃ ! t̄ b̄s̄. In both signal scenarios, anti-squarks decay into the
charge-conjugate final states of those indicated for the corresponding squarks, and each gluino decays with equal
probabilities into the given final state or its charge conjugate.

Physics process Generator Parton shower Cross-section PDF set Tune
normalisation

W (! `⌫) + jets S����� 2.1.1 [35] S����� 2.1.1 NNLO [36] NLO CT10 [37] S����� default
Z/�⇤ (! ``) + jets S����� 2.1.1 S����� 2.1.1 NNLO [36] NLO CT10 S����� default
t t̄ ������-��� v2 [38] P����� 6.428 [39] NNLO+NNLL [40–45] NLO CT10 P������2012 [46]
Single-top
(t-channel) ������-��� v1 P����� 6.428 NNLO+NNLL [47] NLO CT10f4 P������2012
Single-top
(s- and Wt-channel) ������-��� v2 P����� 6.428 NNLO+NNLL [48, 49] NLO CT10 P������2012
t t̄ +W /Z/WW MG5_�MC@NLO 2.2.2 P����� 8.186 NLO [22] NNPDF2.3LO A14
WW , WZ and ZZ S����� 2.1.1 S����� 2.1.1 NLO NLO CT10 S����� default
t t̄H MG5_�MC@NLO P����� 8.186 NLO [50] NNPDF2.3LO A14

Table 1: Simulated background event samples: the corresponding generator, parton shower, cross-section normal-
isation, PDF set and underlying-event tune are shown.

4 Object reconstruction and event selection

The reconstructed primary vertex of the event is required to be consistent with the luminous region and to
have at least two associated tracks with pT > 400 MeV. The vertex with the largest

P
p2

T of the associated
tracks is chosen as the primary vertex of the event.

Jet candidates are reconstructed using the anti-kt jet clustering algorithm [51, 52] with jet radius parameter
of 0.4 starting from energy clusters of calorimeter cells [53]. The jets are corrected for energy deposits
from pile-up collisions using the method suggested in Ref. [54]: a contribution equal to the product of
the jet area and the median energy density of the event is subtracted from the jet energy [55]. Further
corrections derived from MC simulation and data are used to calibrate on average the energies of jets to
the scale of their constituent particles [56]. In the search two jet pT thresholds are used, pT > 40 GeV
and pT > 60 GeV, and all jets are required to be within |⌘ | < 2.4. To minimize the contribution
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Figure 3: The expected background and observed data in the di�erent jet and b-tag multiplicity bins for the 40 GeV
jet pT threshold. The background shown is estimated by including all bins in the fit. For the five and six jet slices the
control regions used to estimate the W+jets and Z+jets normalization are also shown (labeled `�, `+, and m``). An
example signal for the g̃ ! tt̄ �̃0

1 ! tt̄uds model with mg̃ = 1700 GeV and m �̃0
1

= 675 GeV is also shown (although
its contribution is very small with this jet pT threshold). The bottom panels show the ratio between the observed
data and the background prediction, as well as the ratio between the estimated background and the prediction from
MC simulation. All uncertainties are included in the error bands (shaded regions), which are correlated between
bins.
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Figure 4: The expected background and observed data in the di�erent jet and b-tag multiplicity bins for the 60 GeV
jet pT threshold. The background shown is estimated by including all bins in the fit. For the five and six jet slices the
control regions used to estimate the W+jets and Z+jets normalization are also shown (labeled `�, `+, and m``). An
example signal for the g̃ ! tt̄ �̃0

1 ! tt̄uds model with mg̃ = 1700 GeV and m �̃0
1

= 675 GeV is also shown (although
its contribution is very small in most of the jet multiplicity slices shown). The bottom panels show the ratio between
the observed data and the background prediction, as well as the ratio between the estimated background and the
prediction from MC simulation. All uncertainties are included in the error bands (shaded regions), which are
correlated between bins.
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Figure 1: Diagrams of the signal benchmark models. Both models involve pair production of gluinos with each
gluino decaying as a) g̃ ! tt̄ �̃0

1 ! tt̄uds b) g̃ ! t̄ t̃ ! t̄ b̄s̄. In both signal scenarios, anti-squarks decay into the
charge-conjugate final states of those indicated for the corresponding squarks, and each gluino decays with equal
probabilities into the given final state or its charge conjugate.

Physics process Generator Parton shower Cross-section PDF set Tune
normalisation

W (! `⌫) + jets S����� 2.1.1 [35] S����� 2.1.1 NNLO [36] NLO CT10 [37] S����� default
Z/�⇤ (! ``) + jets S����� 2.1.1 S����� 2.1.1 NNLO [36] NLO CT10 S����� default
t t̄ ������-��� v2 [38] P����� 6.428 [39] NNLO+NNLL [40–45] NLO CT10 P������2012 [46]
Single-top
(t-channel) ������-��� v1 P����� 6.428 NNLO+NNLL [47] NLO CT10f4 P������2012
Single-top
(s- and Wt-channel) ������-��� v2 P����� 6.428 NNLO+NNLL [48, 49] NLO CT10 P������2012
t t̄ +W /Z/WW MG5_�MC@NLO 2.2.2 P����� 8.186 NLO [22] NNPDF2.3LO A14
WW , WZ and ZZ S����� 2.1.1 S����� 2.1.1 NLO NLO CT10 S����� default
t t̄H MG5_�MC@NLO P����� 8.186 NLO [50] NNPDF2.3LO A14

Table 1: Simulated background event samples: the corresponding generator, parton shower, cross-section normal-
isation, PDF set and underlying-event tune are shown.

4 Object reconstruction and event selection

The reconstructed primary vertex of the event is required to be consistent with the luminous region and to
have at least two associated tracks with pT > 400 MeV. The vertex with the largest

P
p2

T of the associated
tracks is chosen as the primary vertex of the event.

Jet candidates are reconstructed using the anti-kt jet clustering algorithm [51, 52] with jet radius parameter
of 0.4 starting from energy clusters of calorimeter cells [53]. The jets are corrected for energy deposits
from pile-up collisions using the method suggested in Ref. [54]: a contribution equal to the product of
the jet area and the median energy density of the event is subtracted from the jet energy [55]. Further
corrections derived from MC simulation and data are used to calibrate on average the energies of jets to
the scale of their constituent particles [56]. In the search two jet pT thresholds are used, pT > 40 GeV
and pT > 60 GeV, and all jets are required to be within |⌘ | < 2.4. To minimize the contribution
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•  ATLAS & CMS heavily involved in SUSY searches @ 13 TeV 
•  Overall similar sensitivity despite some differences in strategies 

•  First searches for SUSY targeting most promising final states 
•  Strong production 
•  3rd generation 
•  Sensitivity strongly improved wrt Run 1 … 

•  But still no discovery L 

•  Luminosity increasing (together with gluino/squark contraints) 
Ø  Study of “new” production mechanisms / signatures 

Ø EW SUSY, RPV, … 
Ø  Also time to investigate new models / more realistic (but still simplified) ones 
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Conclusions & Outlooks 


