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The Past-Present-Future of LHC

RUN1

7-8 TeV

~30 fb-1

50 ns 
<μ>~20

13-14 TeV

RUN2

25 ns 
<μ> ~40

We are here!

Phase 1

RUN3

Phase 2

HL-LHC

25 ns 
<μ>~140

We want to go there...

~3000 fb-1
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DRAFT

25 ns 
<μ>≲60



ATLAS & CMS Detector upgrade
Must cope with: 

High pile-up  
High radiation level

Different technologies will be used in the Phase-II upgrade, but common strategy:

➡ Re-visit the L1 trigger logic to keep leptons pT thresholds and L1 trigger rates low

➡ New Tracker with high granularity and radiation resistance and extended η coverage

➡ Extension of detectors coverage to increase acceptance and improve performances


New Tracker 
Radiation tolerant - high granularity -
less material 
Tracks in hardware trigger (L1) 
Coverage up to η~4

New Endcap Calorimeters 
Radiation tolerant - high granularity 
Nominal coverage up to 1.5<|η|<3.0 
Investigating coverage up to η~4 
Investigate fast-timing options

Muons 
Complete RPC coverage in fwd region 
(new GEM/RPC technology) 
Nominal coverage up to η~2.4 

Investigating muon tag up to 
η~4 (depending on calorimetry)
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Lot of talks in the Detector session



Physics program at HL-LHC
Huge Physics program addressing 
★Precision studies of the 125 GeV Higgs 

boson (couplings, rare decays, etc.) 
★Searches/studies for BSM Physics 

➡ Higgs 
➡ SUSY 
➡ Vector Boson Scattering (VBS) 
➡ Exotics 
➡ DM

ATLAS Performance studies 
Performance assessed in benchmark channels 
using full simulation 

★ Run 2 detector and <μ>=60, 300 fb-1 

★ New tracker (ITK) in Run 1 Calorimeter and 
Muon system, with varying <μ> up to 2000 
and for 3000 fb-1 

★ Physics reach (mostly) based on generator 
level studies with parameterized performance

CMS Performance studies 
Performance assessed in benchmark channel using full 
simulation 
★ Phase 1 detector and <μ>=50, 300 fb-1 

★ Phase 1 detector (aging but pixel) and <μ>=140, 1000 
fb-1 

★ Phase 2 detector and <μ>=140, 1000 fb-1  

Physics reach (mostly) based on extrapolation under 
different assumptions on uncertainties or Delphes

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradePhysicsStudies https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFP
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFP
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HL-LHC - A Higgs Factory
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Higgs bosons at √s=14 TeV 3000 fb-1Higgs bosons at √s=14 TeV 3000 fb-1

HL-LHC total 170 M

VBF (main decays) 13M

ttH (main decays) 1.8M

H➝Zγ 230k

H➝μμ 37k

HH (all) 121k
Given cross sections from LHCHXSWG

• Higgs physics goals 
➡ SM Higgs

- Rare decays and couplings

- Spin/parity

- Higgs pair production

➡ BSM Higgs search

- More Higgs-like particles 
(MSSM?)

- Couplings to Dark Matter

- Compositeness

Prospects for Higgs Physics

HL-LHC: a Higgs factory! 

★ Enable precision measurements: 

➡ Signal strength  

➡ Spin/parity 

➡ Couplings 

★New measurements: 

➡ Rare decays (H➝μμ, H➝Zγ) 

➡ Double Higgs boson 
production (self couplings) 

➡ Higgs portal to New Physics
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Higgs rare decays: H→Zγ
➡ Largely benefit from dataset increase due to HL  
➡ In the SM the decay proceeds entirely via loops 
➡ Sensitive to New Phyics (i.e. Higgs composite 

models)

➡ ggF, VBF, VH, ttH production 
➡ Challenging study due to high Z+γ/Z

+jet background 
➡ Not-Higgs mediated bkg

Rare decays

9

Higgs rare decay channels will be those mostly benefit from the large dataset available with the HL-LHC

H → µµ
• Probe the 2nd generation coupling 
• BR O(10-4 ) and high background from Z/γ*  
• High mass resolution

CMS: uncertainty of ~20/24% with scenario 2/1 
ATLAS: prospective studies based on the 2012 
            analysis
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H → Zγ
• Challenging study: high Z+γ/Z+jets background 
• not-Higgs mediated background  
• Measuring its rate can provide insight into BSM physics

Z in ee/μμ considered, 3.9σ expected 
CMS expects 20/24% uncertainty with scenario 2/1 
ATLAS expects 30% uncertainty
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H➝Zγ
• ggF, VBF, VH, ttH production

• Backgrounds: Z! (radiative photon)

• #m = m$$! - m$$  as signal 
discriminant

• Signal strength statistical error 
greater than systematic

➡ For ATLAS 3000 fb-1: 
±0.25 (stats) ±0.17 (sys)
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μ-hat errorμ-hat error

L (fb-1) run-1 sys reduced sys

300 ± 0.62 ± 0.62

3000 ± 0.24 ± 0.20

CMS NOTE-13-002 ATL-PHYS-PUB-2014-006

L (fb-1) p0 μ-hat error

300 2.3σ ±0.45

3000 3.9σ ±0.30

ATL-PHYS-PUB-2014-006

CMS NOTE-13-002
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Δm=mℓ𝓁ℓ𝓁γ-mℓ𝓁ℓ𝓁 as signal discriminant

★ Z in ee/μμ considered 
★ 3.9σ expected 
★ CMS expects 20/24% uncertainty with 

scenario 2 (1/2 th. uncert.)/1 (same 
RUN1 th uncert.) 

★ ATLAS expects 30% uncertainty 
★ Signal strength error dominated by 

statistical one



10.1. Exploitation of the Higgs boson 295

for the decay of a Higgs boson in two muons with a branching fraction of 2.2 ⇥ 10�4 expected
in the SM. The channel has been studied using the Run-I data reaching a sensitivity of 6 times
the SM prediction [235]. Projections of the analysis to the HL-LHC era show that the coupling
of the Higgs boson to muons can be measurement with a precision of about 8%, still limited by
the statistical uncertainty.

In H ! µ

+
µ

� events the kinematics of the Higgs boson can be fully reconstructed. The signal
will consist of a small bump over a large di-muon background from Drell-Yan events, hence an
excellent di-muon mass resolution is crucial. This puts constraints on the required performance
of the new tracking system. Special attention will be given to the study of the vector-boson
fusion channel that exhibits experimental advantages compared to the gluon fusion one, due
to the reduced backgrounds and lower theoretical uncertainties in the Higgs production cross
section.

Figure 10.6 shows a fit to the signal di-muon mass distribution for Higgs boson events sim-
ulated with the Phase-I and Phase-II detectors. The distributions are normalized to both the
acceptance of each di-muon category and selection efficiency of events in each di-muon cate-
gory.

Due to the reduction of material and better spatial measurements of the upgraded Phase-II
tracking detector, the mass resolution is 40 % better and the efficiency to reconstruct the muon
pair is 20 % larger with respect to an aged Phase-I detector. The measurement of the Higgs
boson coupling to muons is expected to improve with the square-root of the improvement in
resolution and efficiency. Based on previous projections, an uncertainty in the Higgs boson
coupling to muons of about 5 % is expected.

Figure 10.6: Di-muon mass distributions for Higgs boson events simulated with the Phase-I
(nominal and aged) and Phase-II detectors. The distributions are normalized to take the relative
selection efficiency of different detectors into account.

10.1.3 H ! tt analysis

Projections of the Run-I H ! tt analysis show that the coupling modification of the Higgs
boson to tau leptons with respect to the SM expectation can be measured with a precision of 2–
5 %. Modifications of the Higgs boson couplings to fermions of this scale or larger are expected

Higgs rare decays: H→μμ

➡ BR O(10
-4

) 

➡ ggF, VBF, VH, ttH production  
➡ Backgrounds: Zjets, t͞t, WW  
➡ excellent di-muon mass resolution is 

crucial

Phase2: 40% better 
mass resolution, 20% 
higher efficiency wrt 
aged-Phase1

F. A. Dias - CIPANP 2015

H➝µµ
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• BSM interest: models with Higgs decaying 
preferably to muons

• ggF, VBF, VH, ttH production

• Backgrounds: Zjets, t͞t, WW

ATL-PHYS-PUB-2013-014 CMS NOTE-13-002

μ-hat errorμ-hat error

� (fb-1) Scenario 1 Scenario 2

ATLAS 300 ± 0.39 ± 0.38

CMS 300 ± 0.42 ± 0.40

ATLAS 3000 ± 0.16 ± 0.12

CMS 3000 ± 0.20 ± 0.14

p0=7.0 σ
ggF

ATLAS scenarios: 1- full sys 2- no theory sys
CMS scenarios: 1- run-1 sys 2- reduced sys

F. A. Dias - CIPANP 2015

H➝µµ

11

• BSM interest: models with Higgs decaying 
preferably to muons

• ggF, VBF, VH, ttH production

• Backgrounds: Zjets, t͞t, WW

ATL-PHYS-PUB-2013-014 CMS NOTE-13-002

μ-hat errorμ-hat error

� (fb-1) Scenario 1 Scenario 2

ATLAS 300 ± 0.39 ± 0.38

CMS 300 ± 0.42 ± 0.40

ATLAS 3000 ± 0.16 ± 0.12

CMS 3000 ± 0.20 ± 0.14

p0=7.0 σ
ggF

ATLAS scenarios: 1- full sys 2- no theory sys
CMS scenarios: 1- run-1 sys 2- reduced sys

CERN-LHC-2015-010 
CMS NOTE-13-002

ATL-PHYS-PUB-2013-014
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➡ Largely benefit from dataset 
increase due to HL 

➡ Probe the 2nd generation couplings

Expects observation with > 7.0σ 	





Higgs couplings fit

F. A. Dias - CIPANP 2015

Coupling Fit

• Measure strength in 
units of SM expectation
➡ Leading order tree level 

calculations

• Quantify possible small 
deviations from SM

• Assumptions:
➡ Single resonance of 

mH = 125 GeV

➡ Narrow width 
approximation

• != (% x BR)obs  
      (% x BR)SM

12

ATL-PHYS-PUB-2014-016 CMS NOTE-13-002
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Figure 10.2: Estimated precision on the measurements for modified couplings for a SM-like
Higgs boson [9]. The projections assume a center-of-mass energy of 14 TeV and a dataset with
integrated luminosity of 300 and 3000 fb�1. The projections are obtained with two uncertainty
scenarios as described in the text.

the LHC Run-II and III. It is a unique opportunity for in-depth Higgs boson studies if the
experiments can fully benefit from the higher data rates. The key element will be to have a
similar, or possibly even better, sensitivity for Higgs boson detection with upgraded detectors,
that are capable of dealing with the higher pileup at the very high luminosity operation of the
HL-LHC. For the Higgs boson studies in this document we assume an average of 140 pileup
events per bunch crossing. Hence, it is important to verify the experimental capabilities in
detail, by studying a few key processes, as well as exploring the potential for new channels
such as the Higgs boson pair production.

10.1.1 H ! ZZ⇤ ! 4` analysis

The Higgs boson decay into two Z bosons, each decaying into two charged leptons, electrons
or muons, is the golden channel in the study of the Higgs boson. Electrons and muons can
be measured very accurately, with high efficiency, and excellent energy and momentum res-
olution. The complete final state of the Higgs boson decay can be reconstructed which leads
to a signal of high purity, measured as a peak over a smooth background distribution. The
four lepton events allow for a detailed CP analysis of the Higgs particle by measuring angular
distributions, such as the angle between the ZZ decay planes and the decay angles in these
planes, which contain information of the CP properties of the parent boson. The very accurate
determination of the production rate of H ! ZZ bosons is crucial for searches for deviations
from the SM in the study of Higgs boson couplings. As mentioned before, the analysis of the
full four lepton mass spectrum contains information of the total width of the Higgs boson.

The HL-LHC will produce about sixteen thousand Higgs boson events per experiment in the
golden channel through the gluon-fusion production process and about 1400 through vector
boson fusion. Selecting these events with the largest possible acceptance is crucial to the Higgs
physics program. Excellent electron and muon reconstruction at low transverse momentum
and a large rapidity coverage are key. Since four leptons need to be reconstructed in this final
state, any single object inefficiency is potentiated. The Run-I analysis uses electrons with a pT
requirement as low as 7 GeV and muons with a pT as low as 5 GeV with a pseudorapidity
coverage of up to |h| < 2.5.

Figure 10.3 shows the efficiency times acceptance for the Higgs boson signal as a function of
the selection criteria following the selection applied to the Run-I data. A significant increase in
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The hashed areas indicate the 
increase of the estimated error	


due to current theory systematic 
uncertainties (CERN-2011-002, 
CERN-2012-002)

Assumptions: 
➡ Single resonance @ mH=125 GeV 
➡ Narrow width approximation 
➡ If width constrain removed only coupling ratios λXY = kX/kY	



Couplings
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✦  Use results found above to extract perspectives for the Higgs couplings 
✦  Coupling fit framework:  

              ➙ Zero width approximation 

             ➙ If no assumptions on the total width only coupling ratios λXY = kX/kY  

Coupling deviation from SM
parameterized with multiplicative
modifiers k

Γi, σi scale as ki
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top-H coupling precision  
~10% or better

σ ⋅B gg→ H → γγ( )
σ SM gg→ H( ) ⋅BSM H → γγ( ) =

kg
2 ⋅ kγ

2

kH
2

BSM Sensitive 
(loop coupling modifiers)

⇒

• no BSM particles inside loops 
ΓH = Γ i

i
∑↳

(Model independent)

(Model dependent)

4-15%

2-10%

Top-H coupling precision 
better than 10% 

Scenario 1: 
systematics as in 

RUN1 
!

Scenario 2: 
theory uncert x 1/2 
exp. uncert x 1/√∫L

ATL-PHYS-PUB-2014-016

CERN-LHC-2015-010 
CMS NOTE-13-002
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Higgs Pair Production in bbγγ at CMS

Search approach based 2D fit of Mbb and Myy

parameterized object performance tuned to the 
Phase 2 detector 
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ATLAS and CMS are discussing the analyses to continue and better understand the remaining 
differences and explore avenues for sensitivity improvement

H pair production
• One of the exciting prospects @ HL-LHC: 

• Higgs self-coupling 
• accessing the Higgs potential 
• sensitive to BSM Physics

Higgs pair production

12

• Measuring the Higgs pair production will constraint the Higgs self-coupling, allowing a partial reconstruction of the   
Higgs potential → any deviation from SM hint of new physics

λHHH

Destructive interference ⇒ SM cross section decrease
σ ! 40.8 fb (Phys. Rev. Lett. 111 (2013) 201801)

• Small cross section +  
huge background (top and fakes processes)
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EC
FA

2014

ATLAS and CMS are discussing the 
 analyses for sensitivity improvement 

(e.g. use MVA techniques)

H (bb )H γγ( ) H (bb )H τ +τ −( ) CMS expects  
a signal  

significance  
of 0.9σ

Physics at the High-Luminosity LHC (2015)

• Destructive interferance 
• SM cross-section decreases 
• Cross section at √s = 14 TeV is 40.7 fb [NNLO] 

(Phys. Rev. Lett. 111 (2013) 201801)

Higgs pair production
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ATLAS and CMS are discussing the 
 analyses for sensitivity improvement 

(e.g. use MVA techniques)

H (bb )H γγ( ) H (bb )H τ +τ −( ) CMS expects  
a signal  

significance  
of 0.9σ

Physics at the High-Luminosity LHC (2015)

ATLAS and CMS expects ~ 8-9 events after trigger and event selections 
corresponding to a signal significance of ~1.3σ per exp for the SM scenario

Small cross-section and 
huge resonant (single H) 
and non resonant bkg

CERN-LHC-2015-010 
CMS NOTE-13-002

ATL-PHYS-PUB-2014-019

9

CMS has evaluated the impact on the 
analysis as the b-tagging and photon 
identification efficiencies change

bbγγ	





H pair production

Higgs pair production
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ATLAS and CMS are discussing the 
 analyses for sensitivity improvement 

(e.g. use MVA techniques)

H (bb )H γγ( ) H (bb )H τ +τ −( ) CMS expects  
a signal  

significance  
of 0.9σ

Physics at the High-Luminosity LHC (2015)

CMS also studied bbττ 
channel in τμτh and  τhτh 
final states and expects 
a comb ined s igna l 
significance of 0.9σ in 
bbττ channel

CERN-LHC-2015-010 
CMS NOTE-13-002
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10.1. Exploitation of the Higgs boson 301

background is negligible in the signal region, as verified by studying the LHC data available atp
s = 8 TeV.

Events are selected containing two b-tagged jets with pT > 30 GeV and |h| < 2.4, and two taus
with pT > 60 GeV, or pT > 90 GeV for the leading tau and pT > 45 GeV for sub-leading tau, and
|h| < 2.1 for the thth di-tau final state, pT > 30 GeV and |h| < 2.1 for the th and pT > 30 GeV
and |h| < 2.5 for the t

µ

in t

µ

th di-tau final states. To further reduce background events with
light jets mimicking hadronic tau decays it is required that jets originating from hadronic tau
decays contain an isolated track. Selections are applied on the di-tau mass, M

tt

, and the di-b-jet
mass, Mbb, mass distributions to identify Higgs boson decays to tau and b pairs, respectively.
The requirement for mbb is 90 GeV < mbb < 130 GeV, and 110 GeV < m

tt

< 140 GeV for m
tt

. A
likelihood-based mass reconstruction technique (SVFIT) is used to reconstruct the di-tau mass.
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Figure 10.12: mT2 (left) and BDT score (right) distributions in thth and t

µ

th channels, respec-
tively. The yields are the expected SM contributions.

A kinematic bounding variable, mT2, is introduced to further discriminate the dominant tt̄
background from the di-Higgs signal [239]. By construction, mT2 is bounded above by the
top quark mass for tt̄ background events while it is unbounded for di-Higgs signal events.
For the t

µ

th di-tau final states a BDT discriminant was trained to further exploit the boosted
kinematics of di-Higgs production. The input variables are the masses, transverse momenta,
and DR distances of the di-tau, di-b-jet, and di-Higgs systems. The mT2 variable is also included
in the training. Figure 10.12 shows the distributions of the BDT discriminant for t

µ

th channel
on the left and mT2 distribution for the thth di-tau final state on the right. The mT2 distribution
is used to extract the signal in the thth di-tau final state and the BDT discriminant for the t

µ

th
di-tau final state.

The expected significance for di-Higgs boson production is 0.5, and 0.7 standard deviations,
for t

µ

th, and thth di-tau final states, respectively. For the combination 0.9 standard deviations
are expected. The resulting expected uncertainty in the signal strength is approximately 105%.
Theoretical uncertainties in the Higgs boson production are included in this result. Renor-
malization and factorization scale uncertainties in the di-Higgs signal production are 20% for
NNLO calculation. The PDF uncertainty is 9%. The systematic uncertainty on luminosity is
taken to be 2.6%. Scale uncertainties on jets, tau leptons, and missing energy are also included.

The performance of the trigger system is crucial to achieve the result described above, in partic-
ular the capability to trigger on charged particles at Level-1. For the thth final state, the di-tau
trigger has an offline threshold of 56 GeV on both tau legs, and single tau trigger threshold is
88 GeV for the Level-1 sample menu described in this document. These thresholds are signifi-

Combining bbγγ and bbττ final states CMS expects 1.9σ significance 
with an uncertainty of ~ 54%

Significant improvements in future studies of di-H signatures are 
expected by ATLAS and CMS by combining more channels and 
also using MVA analysis technique
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hierarchies 

➡ STC (stau) and STOC (stop) co-
annihilation models satisfy dark matter 
constraints
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Table 1: Overview over the analyses and their application to the different models.

Analysis Luminosity Model
( fb�1) NM1 NM2 NM3 STC STOC

all-hadronic (HT-Hmiss
T ) search 300

3000
all-hadronic (MT2) search 300

3000
all-hadronic eb1 search 300

3000
1-leptonet1 search 300

3000
monojetet1 search 300

3000
m`+`� kinematic edge 300

3000
multilepton + b-tag search 300

3000
multilepton search 300

3000
ewkino WH search 300

3000

< 3s 3 � 5s > 5s

with an efficiency of unity. The FastJet area method [31] is applied to correct measurements
of jets and energy in the calorimeters for the contribution from neutral pileup particles and
charged pileup particles outside the tracker acceptance.

About 10 to 100 million events per background process are produced with MADGRAPH 5 [14,
15], including up to four extra partons from initial and final state radiation, matched to PYTHIA 6.4
for fragmentation and hadronization. The background cross section is normalized to the next-
to-leading-order (NLO) cross section, which is based on the work in preparation for the Snow-
mass summer study 2013 and discussed in more detail in Refs. [32–34].

5.2 Evaluation of systematic uncertainties

All presented studies are based on 8 TeV analyses, where the systematic uncertainties have
been evaluated based on the various background estimation methods. We assume that the
backgrounds will be estimated in a similar way for the 14 TeV analyses in the future, while in
this paper we use the Monte-Carlo prediction only. Therefore, we use the systematic uncertain-
ties of the 8 TeV analyses as starting point, and scale them on a case-by-case basis depending
on their origin and predicted development of this origin:

• If the selection requirements of the 14 TeV analysis have been tightened such that the
background yield in the signal region is comparable to the one in the 8 TeV analysis,
we quote a typical uncertainty from the 8 TeV search. This is the case for both all-
hadronic analyses with HT-Hmiss

T and MT2 variables.

Figure 10.23: Overview over the SUSY search analyses and their application to the different
full-spectrum models.

750 GeV, E/T > 450 GeV. MT(b1,2, E/T) thresholds 500 � 900 GeV.
• Direct top squark production in the single-lepton channel: 1 isolated lepton (e or

µ), � 5 jets, 1 or 2 b-tagged jets, centrality cut, E/T > 400 (800) GeV, MT > 260 GeV,
MW

T2 > 260 GeV.
• Compressed SUSY spectra, including top squark production with et ! ce

c

0
1, in the

monojet-like final state: pT(jet1) > 900 GeV, Df(jet1, jet2) < 1.8, veto events with
third jet with pT > 100 GeV, no leptons, E/T > 600 GeV.

• Neutralino-slepton cascade signature using the kinematic edge in the dilepton
mass (m`+`�) distribution: 2 opposite-sign, same-flavor isolated leptons (e or µ),
� 6 jets, � 1 b-tagged jet, E/T > 450 GeV, HT > 1250 GeV.

• Electroweak production of chargino-neutralino pair in the W±H + E/T final state:
1 lepton (e or µ), 2 b-tagged jets, 90 < m(bb) < 150 GeV, MCT > 160 GeV, MT >
100 GeV, E/T thresholds 200 GeV to 500 GeV.

• Gluino pair production in the trilepton + b-jets final state: � 3 leptons (e or µ),
b-tagged jets: 2–3 bin and � 4 bin, E/T > 500 GeV.

• Electroweak production of chargino-neutralino pair in the W±Z + E/T final state:
� 3 leptons (e or µ), On-Z and above-Z mass regions in m`+`� , veto events with
b-tagged jets, multiple signal regions in MT vs. E/T.

While each search in this list is given a name that reflects both the nominal target process and
the experimental signature, in many cases the signature is relevant to multiple SUSY processes.

In general, the lepton pT requirements are in the range 15 GeV to 40 GeV, while jet pT require-
ments are in the range 30 GeV to 60 GeV. An exception is the search for bottom-squark pair pro-
duction, where the b-tagged jets are required to satisfy much higher threshold requirements,
as noted above.
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Table 2: All-hadronic inclusive search with HT and Hmiss
T : Background and signal event yields

corresponding to 3000 fb�1. The vector boson denoted by “V” refers to W, Z, and g.

Selection tt V + jets VV Single top Other Total SM STC STOC
Njets � 3 18600 505000 11600 661 3910 540000 7070 1380
HT > 2500 GeV 396 2100 220 9.5 61 2790 208 388
Nb-tags � 2 132 35 5.3 2.4 12 186 62 104
Hmiss

T > 1300 GeV 1.6 2.4 0.4 0.1 0.4 4.9 17 49
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Figure 3: All-hadronic inclusive search with HT and Hmiss
T : (a) the b-tag multiplicity distribu-

tion for events passing all the search selections except for the b-tag multiplicity requirement,
and (b) Hmiss

T distribution for events passing all the search selections except for the Hmiss
T re-

quirement. The contributions of the SM backgrounds are shown as stacked histograms, as
they are elsewhere in this document. The SUSY signal contributions from different models are
shown overlaid.
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Figure 4: All-hadronic inclusive search with HT and Hmiss
T : (a) the HT distribution for the back-

ground and STOC signal events in the search region. In this figure, the signal contributions
are shown stacked, as they are from different sparticle production processes in a single model,
STOC. (b) Discovery significance as a function of the integrated luminosity.

5σ up to ~2.5 TeV gluinos 5σ up to ~3 TeV squark

All hadronic HT 
sensitive to gluino, 
squark production
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Figure 3: All-hadronic inclusive search with HT and Hmiss
T : (a) the b-tag multiplicity distribu-

tion for events passing all the search selections except for the b-tag multiplicity requirement,
and (b) Hmiss

T distribution for events passing all the search selections except for the Hmiss
T re-

quirement. The contributions of the SM backgrounds are shown as stacked histograms, as
they are elsewhere in this document. The SUSY signal contributions from different models are
shown overlaid.
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Figure 4: All-hadronic inclusive search with HT and Hmiss
T : (a) the HT distribution for the back-

ground and STOC signal events in the search region. In this figure, the signal contributions
are shown stacked, as they are from different sparticle production processes in a single model,
STOC. (b) Discovery significance as a function of the integrated luminosity.
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Stop/sbottom searches @ HL-LHC
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Figure 5: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, �̃0

1 mass plane assuming t̃ ! t + �̃0
1 with a branching ratio of 100%. The

results are shown for the combination of the 1-lepton and 0-lepton analyses. The observed limits from
the analyses of 8 TeV data are also shown.

Figure 6: The Feynman diagram for the �̃0
2�̃
±
1 simplified model studied in this note. The �̃±1 is assumed

to decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 as �̃0
2 ! Z(⇤) �̃0

1 with 100% branching ratio.

3.3 Signal Region Selection

Two signal regions are defined for each luminosity scenario considered, “SR1-3000” and “SR2-3000”
for the 3000 fb�1 scenario and “SR1-300” and “SR2-300” for the 300 fb�1 scenario. The regions are Z-
enriched regions to target the �̃0

2 decays via on-shell Z bosons and have ranked selections on the pT of the
three leptons of 100, 80 and 50 GeV from leading to second leading to third leading respectively. Events
are required to include at least one Z boson candidate, defined as a Same-Flavour Opposite-Sign (SFOS)
lepton pair with mass |mSFOS � mZ | < 10 GeV. The mT is constructed from the lepton not included in the
SFOS pair with invariant mass closes to the Z boson mass. Each signal region has tight mT and Emiss

T
requirements to increase sensitivity in scenarios with large mass splitting between the chargino (or �̃0

2)
and the lightest neutralino. The Emiss

T and mT distributions after the above selections and after requiring
Emiss

T > 50 GeV, are shown in Figure 7 for the 3000 fb�1 scenario. The signal regions for the 300 fb�1

and 3000 fb�1 scenarios have been optimised seperately and are described in Table 5.

10

Naturalness arguments require light third 
generation squark 
Discovery could be accessible @ 300/fb  
With 3000/fb increase sensitivity to heavy 
stop/sbottom and/or measure their properties

5σ up to ~1.2 TeV stop

Table 11: Expected numbers of events for SM background and three bottom squark pair signal points, for
di↵erent mCT thresholds and an integrated luminosity of 300fb�1. The uncertainties shown are statistical
only.

SRA300 SRA350 SRA450 SRA550 SRA650 SRA750
(mb̃1
,m�̃0

1
) = (1000, 1) 216 ± 4 200 ± 4 161 ± 4 118.5 ± 3.2 78.6 ± 2.6 44.0 ± 1.9

(mb̃1
,m�̃0

1
) = (1400, 1) 19.3 ± 0.9 18.4 ± 0.9 16.8 ± 0.8 14.9 ± 0.8 12.8 ± 0.7 10.2 ± 0.6

(mb̃1
,m�̃0

1
) = (1600, 1) 6.04 ± 0.28 5.84 ± 0.28 5.55 ± 0.27 5.19 ± 0.26 4.57 ± 0.25 3.78 ± 0.22
tt̄ 32.6 ± 3.0 14.8 ± 2.0 4.3 ± 1.1 1.5 ± 0.7 0.6 ± 0.4 0.29 ± 0.29

single top 146 ± 12 83 ± 8 41 ± 6 25 ± 5 12.7 ± 3.2 8.9 ± 2.5
Z+jets 508 ± 8 249 ± 5 70.5 ± 2.7 23.1 ± 1.5 9.1 ± 1.0 4.1 ± 0.7
W+jets 92 ± 5 44 ± 4 9.3 ± 1.7 2.9 ± 0.9 1.6 ± 0.8 0.9 ± 0.6
Other 5.4 ± 0.5 3.3 ± 0.4 1.59 ± 0.28 0.50 ± 0.16 0.18 ± 0.09 0.15 ± 0.08
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Figure 13: Expected 95% exclusion limits and discovery reach for bottom squark pair production with
300fb�1 and 3000fb�1 of integrated luminosity.

5.2 Expected sensitivity to bottom squark pair production

Signal regions described in the previous sections are considered with mCT thresholds of 300, 350, 450,
550, 650 and 750 GeV. Higher thresholds are not considered since the MC statistical uncertainties be-
come dominant in the tail of the mCT distribution beyond 750 GeV. The systematic uncertainties for the
signal regions used in the 8 TeV analysis are assumed to be unchanged. The systematic uncertainty for
the signal regions with higher mCT thresholds (> 400 GeV) are assumed to be 30%. The number of ex-
pected events for the 300 fb�1 luminosity scenario is shown in Table 11. The dominant backgrounds are
Z+jets and single top production, with subleading contributions from W+jets and tt̄V .

Exclusion limits are set in the mb̃1
� m�̃0

1
plane using the best expected signal region. The exclusion

limits are shown in Figure 13. The 5� discovery curves are also shown on the same plot. Bottom squark
masses up to 1400 GeV can be excluded at 95% CL with 300 fb�1 of integrated luminosity, for a massles
�̃0

1. With 3000 fb�1 at the HL-LHC, the exclusion reach improves by an additional 150 GeV. Bottom
squarks with masses of ⇠1100 GeV (1300 GeV) can be discovered with 5� significance with 300 fb�1 (
3000 fb�1).

21

5σ up to ~1.3 TeV sbottom

19

Table 6: Search for direct stop production in the single-lepton channel: The event yields for
the inclusive signal samples and several SM processes with 3000 fb�1 at 14 TeV with 140 pileup
interactions. The significances are determined by considering a systematic uncertainty on the
background prediction of 15% and 25%. For the high Emiss

T search region, only 25% systematic
uncertainty is considered as discussed in the text.

Selection Total SM STC STOC NM1 NM2 NM3
Exactly 1 e or µ 6160000000 271000 5170 88200 45600 12800
Njets � 5 44900000 6550 361 6830 9380 5500
Nb-jets = 1 or 2 27700000 4370 259 3980 4830 3210
Emiss

T > 400 GeV 108000 1610 146 2070 1970 2150
Df > 0.8 84300 1420 127 1760 1630 1840
Centrality >0.6 48200 1050 99 1460 1350 1510
MT > 260 GeV 1320 523 77 733 702 1020
MW

T2 > 260 GeV 291 349 61 563 518 794
Significance (dB/B = 15%) 5.6 1.1 8.2 7.7 10.5
Significance (dB/B = 25%) 3.4 0.6 5.0 4.7 6.4
Emiss

T > 800 GeV 11 – 39 – – –
Significance (dB/B = 25%) – 5.7 – – –
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Figure 10: Search for direct stop production in the single-lepton channel: Significance for the
different full-spectrum SUSY models. An uncertainty of 15% is used for the curves of NM1,
NM2, NM3, and STC, while a higher uncertainty of 25% is chosen for the STOC model due to
the increased Emiss

T threshold.

10 Search for compressed supersymmetry spectra in the monojet
signature

This section describes a search for compressed supersymmetry spectra in the signature with a
high pT jet and large missing transverse momentum. In the stop coannihilation (STOC) model
discussed in Section 4, the mass of the top squark is very close to the mass of the ec0

1, and
normally dominant decays such aset1 ! tec0

1 andet1 ! Wbec0
1 are kinematically forbidden. Since

the mass of the ec±
1 is above that ofet1 in the STOC model, theet1 cannot decay via an on-shell ec±

1
either, and the loop processet1 ! cec0

1 becomes the dominantet1 decay mode.

The detection of the et1 ! c + ec0
1 decay is challenging experimentally, because the small et1-ec0

1
mass splitting leads to a very low momentum charm quark, which is essentially undetectable.

direct stop production in 
the single-lepton channel 

>5σ in all scenarios
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Figure 7: Search for bottom squarks: Comparison of the MCT distribution for signal and back-
ground from SM and other SUSY processes. The SUSY processes from the STC model are
considered in these figures. All selection requirements are applied. The two figures show the
signal region for (a) MT > 750 GeV and (b) MT > 950 GeV, respectively. The endpoint for all
signal regions is located at the same position. The background distributions are stacked, while
the signal and other SUSY contributions are overlaid.

Table 4: Search for bottom squarks: The event yields for the STC signal sample and several
SM processes with 3000 fb�1 at 14 TeV with 140 pileup interactions. The variable MT is the
minimum invariant transverse mass of one of the two b-tagged jets and the missing transverse
energy. The pre-selection refers to events passing all the requirements except the selection on
HT, Emiss

T , and MT.

Selection Diboson tt W/Z + jets single top Total SM STC
Pre-selection 1800 38700 157000 10800 208000 360
HT > 750 GeV 999 20400 65000 5280 91700 249
Emiss

T > 450 GeV 10 262 119 12 405 152
MT > 500 GeV 7 33 81 0 124 144
MT > 750 GeV 6 13 53 0 72 102
MT > 850 GeV 4 0 24 0 28 70
MT > 950 GeV 2 0 5 0 7 34

events that originate from top squark decays are treated as SUSY background in this analysis.
We are therefore able to distinguish bottom from top squarks if the non-degeneracy of chargino
and neutralino is confirmed independently.

In case of discovery in this channel we would be able to measure the third-generation squark
production cross section multiplied by the branching fraction, B(eb1 ! bec0

1). Depending on the
number of signal events in each search bin, the uncertainty on the cross section times branch-
ing fraction ranges from 18–30% for the different search bins, assuming 10% uncertainty on
the predicted background and signal efficiency, and 3% uncertainty on the luminosity. The
expected sensitivity as a function of integrated luminosity are shown in Fig. 8. An excess of
3s is expected in the third search bin with MT > 850 GeV and 300 fb�1 of data, and discovery
sensitivity is expected with 1000 fb�1.

endpoint provide 
lower limit on 
sbottom mass
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10.4 Exotica searches and measurements
Alternative new physics scenarios must be explored in the absence of signals of supersymmetry
in data. All these possible extensions are conventionally classified under the label of ”Exotica”.
Some of them are driven by the same naturalness or hierarchy problems that motivate SUSY,
like the search for effects from the presence of extra dimensions. Other extensions are driven
by experimental indications of deviations from the SM, like the search for dark matter, or the
search for new particles at the TeV scale related with the mechanism that gives masses to light
neutrinos. Finally, Exotica searches also cover generic deviations that are motivated by com-
pletions of the SM postulated at very high energy scales that are not directly accessible by the
LHC, but with possible implications at the TeV scale. Examples are the search for new gauge
bosons, leptoquarks, technicolor, or new contact interactions.

Although the sensitivity to new physics scales increases more significantly with an increase in
the center-of-mass energy of the collisions, the effect of an increase in integrated luminosity
from 300 fb�1 to 3000 fb�1 is also substantial, as illustrated in Fig. 10.31. Besides a quantifiable
increase in the mass reach, the improved statistical sensitivity can help to establish an observa-
tion in a region where only a tiny indication of an excess was previously present. On should
note that many of the proposed extensions of the SM are just benchmark models, with branch-
ing fractions or simplifications that may be optimistic at the end of the day. In addition, larger
data sets allows for a better understanding of many backgrounds in the search.
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Figure 10.31: Projected performance of selected searches for new physics. Except for dark
matter, the 5s discovery reach in terms of particle mass is shown. For dark matter the EFT
cut-off scale, L, is the relevant parameter which can be interpreted as a mediator mass in the
limit where EFT is applicable.

In order to profit from the order of magnitude increase in the collected data set, a good perform-
ing detector is required. In case of an already existing signal, enhanced acceptance capabilities
in the forward region will help to better disentangle new physics models. Improved granular-
ity and detector resolution will also be required for the very high instantaneous luminosities
expected in Phase-II. Finally, there are some exotic searches that demand special trigger and de-
tection capabilities, like being sensitive to highly ionizing particles, displaced vertices or very
low-momentum tracks. We evaluate the relevance of the proposed modifications to the CMS
detector using several examples:

Looking for modification of di-
lepton (Z’, KK-gluon) or di-jet 
invariant mass (q*, QBH)

A broad range of models can benefit of increased statistics

ATL-PHYS-PUB-2015-004ATL-PHYS-PUB-2014-007

CERN-LHC-2015-010
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Looking for an excess in mono-
lepton or mono-jet channels

Looking for anomalous dE/dx, 
displayed secondary vertices, 
slow moving tracks…for massive 
stable or long-lived particles



Summary
• The discovery of the Higgs boson at LHC-Run1 has opened the door towards a 

deeper understanding of particle Physics 

• With the start of RUN2 with the unprecedented energy of 13 TeV we are now focussing 
even more in the searches for New Physics and precision Higgs studies 

• The HL-LHC with a ten times more luminosity will offer unique opportunities to explore 
the Higgs sector and will represent an excellent probe for high scale New Physics 

• the 3000/fb dataset at 14 TeV will allow large gains in precision, discovery potential, 
and will make a number of important, low cross-section measurements possible 

• Detector upgrade foreseen by ATLAS and CMS will ensure optimal performances 
despite the very hostile environment 

• Lot of work is ongoing to be ready and well prepared for this new exciting LHC-era… 

… The best maybe should still come… 
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H→ZZ*→4𝓵
HL-LHC statistics allows 
➡ measurement with high purity in 

the various modes 
➡ precision ~4-10% on the signal 

strength (both ATLAS and CMS) 
➡ probe CP-odd (CP-even) structures 

of the Higgs couplings g4 (g1, g2) 

F. A. Dias - CIPANP 2015

• Analyse decay angles of H➝ZZ*➝4" using a matrix element observable fit

• CP-odd (CP-even) couplings g4 (g1, g2)

• Various injected signal studies for 3000 fb-1

• Run-1 results: improved when combining with 
H➝WW*➝e$!$ channel

Higgs CP structure 
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95% CL limits (H➝4")95% CL limits (H➝4")95% CL limits (H➝4")
ATLAS fg4 fg2

Run-1 0.11 0.68
� (fb-1) fg4 fg2

300 0.15 0.29
3000 0.037 0.12

5

• ZZ decay channel has one of the cleanest final state 
• The large number of events in a 3000 fb-1 sample allows the study of the 

Higgs production modes separately (improving the precision on couplings) 
• Precision of O(10%) or lower on the signal strength is expected by  

both ATLAS and CMS 

Conf-3 = ITK + forward calorimeter 
Conf-4 =  Conf-3 but |η| < 4 

⇒ These channels can also benefit from an extended eta coverage
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Currently ~25% uncertainty on μ 
(ATLAS-CONF-2015-007, PHYSICAL REVIEW D89, 092007)
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the event selection efficiency can be observed with the Phase-II upgraded detector with respect
to the configuration simulating the aged Phase-I detector. In terms of efficiency the upgraded
detector shows the same performance as the Phase-I detector with lower pileup.

The four lepton mass distributions for a pileup of 140 events are shown Figure 10.4 normal-
ized to an integrated luminosity of 3000 fb�1. The signal is shown together with the irre-
ducible ZZ ! 4` background. The aged Phase-I detector and the Phase-II detector scenarios
are considered. The increased signal yields and the improved mass resolution obtained with
the Phase-II upgraded detector are clearly visible.
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Figure 10.3: The cut flow table for the full analysis chain is shown for the Phase-I detector with
pileup of 50 (blue), the aged Phase-I detector with pileup 140 (green) and the Phase-II detector
with pileup of 140 (red) for the signal sample H ! ZZ⇤ ! 4`. A significant increase in the
selection efficiency after full selection can be observed with the Phase-II detector.

In order to assess the further increase in signal yields made possible by an extension of the
pseudorapidity coverage of the muon detector, we have parametrized the expected perfor-
mances of the Phase-II detector up to |h| = 4.0, using the Delphes fast simulation [22]. We
have processed the H ! ZZ ! 4µ signal final state through this simulation and the cut flow
table results are shown on Figure 10.5 for |h|  2.4, 3.0, 3.5 and 4.0. A significant increase in
signal efficiency extending the muon detector coverage to larger h values is visible: the Phase-II
detector with a muon coverage of |h|  3.0 shows a 20% larger acceptance with respect to a
coverage of |h|  2.4.

10.1.2 H ! µµ analysis

The coupling of the Higgs boson to fermions has been established during the Run-I of the LHC.
First evidence has been reported by CMS with measurements of third-generation fermions,

Efficiency times acceptance for 
the signal  vs selection criteria

294 Chapter 10. Exploring the High Luminosity LHC Physics Program

 [GeV]µ4M
100 150 200 250 300

Ev
en

ts
/2

.0
 G

eV

0

100

200

300

400

500

600

700

800 µ 4→ ZZ* →Phase I age1k: H 
µ 4→ ZZ* →Phase II: H 
µ 4→Phase I age1k: Z/ZZ 

µ 4→Phase II: Z/ZZ 

, PU = 140-114 TeV, 3000 fb

CMS Simulation
, PU = 140-114 TeV, 3000 fb

CMS Simulation

 [GeV]4eM
100 150 200 250 300

Ev
en

ts
/2

.0
 G

eV

0

50

100

150

200

250

300  4e→ ZZ* →Phase I age1k: H 
 4e→ ZZ* →Phase II: H 

 4e→Phase I age1k: Z/ZZ 
 4e→Phase II: Z/ZZ 

, PU = 140-114 TeV, 3000 fb

CMS Simulation
, PU = 140-114 TeV, 3000 fb

CMS Simulation

 [GeV]µ2e2M
100 150 200 250 300

Ev
en

ts
/2

.0
 G

eV

0

200

400

600

800

1000

1200
µ 2e2→ ZZ* →Phase I age1k: H 

µ 2e2→ ZZ* →Phase II: H 
µ 2e2→Phase I age1k: Z/ZZ 

µ 2e2→Phase II: Z/ZZ 

, PU = 140-114 TeV, 3000 fb

CMS Simulation
, PU = 140-114 TeV, 3000 fb

CMS Simulation

 [GeV]4lM
100 150 200 250 300

Ev
en

ts
/2

.0
 G

eV

0

500

1000

1500

2000

2500
 4l→ ZZ* →Phase I age1k: H 

 4l→ ZZ* →Phase II: H 
 4l→Phase I age1k: Z/ZZ 

 4l→Phase II: Z/ZZ 

, PU = 140-114 TeV, 3000 fb

CMS Simulation
, PU = 140-114 TeV, 3000 fb

CMS Simulation

Figure 10.4: Four lepton mass distributions obtained with 3000 fb�1 for the signal sample,
H ! ZZ ! 4`, and for the irreducible ZZ ! 4` background. Both processes have been
simulated with the aged Phase-I detector with pileup of 140 and the Phase-II detector with
pileup of 140. The bottom right plot shows the sum of all 4` final states.
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Figure 10.5: The cut flow table for the full analysis chain is shown for the Phase-II detector with
pileup of 140, parametrized with Delphes, for the signal sample H ! ZZ⇤ ! 4µ for various
hypotheses of the muon detector coverage.

namely through studies of the decay to b-quarks and tau-leptons [221]. The HL-LHC will give
unique access to Higgs boson couplings to second-generation fermions. Measurements of the
couplings of the Higgs boson to the second generation are more challenging, as a result of their
smaller values and hence smaller experimental rates. The most promising channel is the search

Improvement due to increased 
muon coverage

F. A. Dias - CIPANP 2015

• Analyse decay angles of H➝ZZ*➝4" using a matrix element observable fit

• CP-odd (CP-even) couplings g4 (g1, g2)

• Various injected signal studies for 3000 fb-1

• Run-1 results: improved when combining with 
H➝WW*➝e$!$ channel

Higgs CP structure 
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Error is dominated by theoretical 
uncertainty 
!
Currently ~25% uncertainty on μ 
(ATLAS-CONF-2015-007, PHYSICAL 
REVIEW D89, 092007)
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VH→bb, H→ττ
Important test of the coupling to third generations fermions

VH→bb, (V=W,Z)
b-tagging performance are crucial 
➡ degradation due to high-PU 

expected 
➡ recovery due to upgraded detector 

mandatory
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if the mis-identification probability for udsg jets is 0.001 (0.01). The performance in Phase-II,
without aging, is close to that achievable in Phase-I, especially in the central region, despite the
larger number of pileup collisions.
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Figure 9.12: Characterization of the b-tagging performance, expressed as mis-identification
probability for (left) udsg-jet and (right) c-jet as a function of b-jet tagging efficiency for jets with
pT > 30 GeV and |h| < 2.4. Simulated tt events are used in Phase-I conditions with <PU>= 50
(blue) or <PU>= 140 with aging (red), and for Phase-II condition with <PU>= 140 (green).
The b-tagging performance for the Phase-I aged detector scenario at high pileup is significantly
degraded compared to Phase-I without aging at medium pileup. However the performance
in Phase-II largely compensates that performance loss, despite the higher number of pileup
collisions.

One of the main upgrades of the CMS detector for Phase-II is the extension of the inner pixel de-
tector in the forward region. This will offer the unprecedented possibility to study b-tagging of
jets with pseudorapidity |h| larger than 2.4. The b-tagging performance in Phase-II is thus com-
pared between several pseudorapidity ranges in Fig. 9.14. For a light-parton mis-identification
probability of 0.01, the b-jet tagging efficiency is of about 0.74, 0.58, 0.41 in the |h| ranges 0–1.8,
1.8–2.4, 2.4–3.0, respectively. Although the performance degrades with increased pseudora-
pidity, the extended pixel coverage with the Phase-II detector upgrade will allow b-tagging
capabilities up to |h| ⇠ 3.0. Obviously, improvements are expected when optimizing the track
reconstruction and b-tagging efficiency in this region.

Thresholds can be set on the b-tagging discriminator value in order to define operating points
corresponding to a given mis-identification probability for light-parton jets. The operating
points are derived for the various detector conditions and pseudorapidity ranges. Efficiency
curves are derived for b jets and taken as input to the “Delphes” fast simulation used for vari-
ous studies of Higgs boson properties and sensitivities to new physics with the Phase-II detec-
tor.

Efficiencies for b-jet and c-jet identification for the Phase-I, Phase-I-aged and Phase-II scenarios
are presented in Fig. 9.15 as a function of the jet pT, for a constant mis-identification probability
of 0.001 for udsg-jets over the full pT and h range. Three |h| ranges are considered for the b and
c jets; 0–1.8 and 1.8–2.4 where the three detector scenarios can be compared and 2.4–3.0 where
b-jet identification is only possible in the case of the Phase-II scenario due to the extended pixel
detector. With the Phase-I detector the aging will reduce the b-jet identification efficiency by
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Figure 9.13: Same as Fig. 9.12 in the pseudorapidity region |h| < 1.8 (left) and 1.8 < |h| < 2.4
(right).
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Figure 9.14: Performance in Phase-II detector scenario with tt events at <PU>= 140 for differ-
ent pseudorapidity ranges. The performance is expressed as mis-identification probability for
(left) udsg-jets and (right) c-jets as a function of b-jet tagging efficiency. Although the perfor-
mance degrades with increased pseudorapidity, the extended pixel coverage with the Phase-II
detector upgrade allows b-tagging capabilities up to |h| ⇠ 3.0.
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VH → bb ,H → ττ
VH → bb ,(V =W / Z )

 b-tagging perfomance will degrade (primary vertex mis-identification, pile-up tracks)  
→ new b-tagging approaches and MVA techniques can help

CMS expects a precision of 5/7% on the signal strength in scenario 2/1
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H➝b͞b

9

μ-hat errorμ-hat error

L (fb-1) w/ th sys w/o th sys

300 ± 0.26 ± 0.25

3000 ± 0.13 ± 0.11

μ-hat errorμ-hat error

L (fb-1) run-1 sys reduced sys

300 ± 0.14 ± 0.11

3000 ± 0.07 ± 0.05

CMS NOTE-13-002

• ATLAS analysis more conservative:
➡ No ZH➝$$bb channel

- Missing ET triggers need to be studied more carefully 

➡ Emulation of high pile-up scenario
- Worse t͞t rejection

- Effects on signal acceptance

- Conservative jet energy scale systematics

ATL-PHYS-PUB-2014-011

µ-hat = σobs / σSM

Run-1 μ-hat ± error

ATLAS 0.52 ± 0.40

CMS 1.0 ± 0.50

H→ττ excellent probe for BSM Physics
VBF production and τlep τhad categories explored by both 
ATLAS  and CMS 
➡ All physics objects involved (e,μ,jets,ETmiss,…) 
➡ mitigation of high-PU mandatory
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from some BSM Higgs models, particularly those predicting multiple Higgs doublets. This
makes the H ! tt channel an excellent probe for new physics.

The H ! tt measurements rely strongly on the performance of almost all aspects of the CMS
detector. The list of objects used in the analysis ranges from electrons, muons, hadronic taus,
jets, b-tagged jets, to missing transverse energy. High efficiencies and low misidentification
rates are crucial to control challenging backgrounds and to explore the H ! tt decay in full.
In this section we discuss the capability to match jets with the event primary vertex, missing
transverse energy resolution, and trigger requirements.

To improve the signal to background ratio, events are categorized based on the number of
reconstructed jets and the VBF production signature is explored. Additional jets from pileup
collisions dilute the analysis performance unless they are identified and rejected. This can
be achieved by matching the charged constituents of reconstructed jets to the primary vertex.
Figure 10.7 shows the efficiency for associating a jet from the VBF process to the primary vertex
as a function of the VBF tagging jet pseudorapidity. The tagging jet pseudorapidity reaches its
maximum at |h| = 3. Starting with a generated VBF quark with pT > 30 GeV matched to a jet,
this is the efficiency for that jet to have b > 0.1, where b is defined as the pT-weighted fraction
of tracks within the jet cone from the primary vertex. The benefit from the extended coverage
of the tracking detector is clearly visible.
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Figure 10.7: Efficiency for associating a jet from the VBF process to the primary vertex. The
pseudorapidity distributions for the leading and sub-leading VBF quarks is shown in the same
plot.

A likelihood-based mass reconstruction technique allows to discriminate the Higgs boson sig-
nal from the challenging Drell-Yan background. The performance of the analysis scales roughly
linearly with the di-tau mass resolution. Figure 10.8 shows the di-tau mass resolution versus
the missing transverse energy resolution normalized to the Run-I performance [222]. The de-

Extension of tracker would 
help in rejecting fake jets 

Trigger acceptance increase by a 
factor 5 thanks to addition of 
track trigger capabilities  
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Zγ production

G. Salam and A. Weiler Theory Perspectives ECFA HL-LHC workshop, Aix-les-Bains, 1 Oct 2013 9

Z� coupling in the SM

This decay is generated by the loops of W± and t

�(h ! Z�) = 1

32⇡ |A|2m2
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⇣
1 � m2

Z

m2

h

⌘
3

A = ↵g
4⇡mw

(AF + AW ).

The SM loop is dominated by the contribution of W , AW /AF ⇠ �18

top contribution is suppressed because top coupling to Z is small
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Figure 5: Left plot: shift of the h ! Z� decay amplitude in units of the SM top contribution,

�A/Atop
SM , in the second model of Section 3.3 as a function of the LRmass splitting. Right plot: total

decay rate of h ! Z� normalized to its SM value, �/�SM , in the same model. The horizontal lines

indicate the value obtained by including only the e↵ect of the modified tree-level Higgs couplings.

goes like ⇣2, though even without such an enhancement we see that shifts of several times

the SM top amplitude are possible for large mass splittings. The right plot of Fig. 5 shows

the total decay rate normalized to its SM value. The horizontal lines indicate the value

obtained by including only the e↵ect of the modified tree-level Higgs couplings discussed

above. Since in the SM the W loop contribution largely dominates that of the top quark,

the e↵ect from the modified tree-level couplings is a suppression of the decay rate by a fac-

tor (gWWh/gSM
WWh)

2 = (1 � v2/f 2). The correction from the 1-loop exchange of composite

fermions is included in addition to this e↵ect, and can further suppress or enhance the decay

rate depending on the sign of the mass splitting �m/m.

It is interesting to derive the contribution to the S parameter in this model and analyze

the impact of a sizable correction to the h ! Z� decay rate on the EWPT. This is illustrated

by Fig. 6 in the (S, T ) plane. 15 The plot shows the region spanned by varying f and

⇣ ⌘ ⇣13 = ⇣31 = ⇣11 due to the IR correction to S and T from modified Higgs couplings and

to the 1-loop correction to S from composite fermions (Eqs. (4.3) and (4.4)). We have fixed

15The probability contours have been derived by using the fit on (S, T ) performed by the GFitter collab-

oration [26]. Similar results are obtained by using the more recent analysis of Ref. [27].
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SM

sensitive to such e↵ects. 13 It is well know that the tree-level contribution to S from spin-1

resonances is large and poses tight constraints on the scale of compositeness. We have seen

that the exchange of ⇢L and ⇢R generates the e↵ective interaction hZ� also at tree level,

provided their masses and couplings are not PLR symmetric. This leads to a correction to

the h ! Z� decay rate that is potentially larger than that due to the O(v2/f 2) shifts in the

tree-level Higgs couplings from the non-linear �-model Lagrangian. This is the case unless

the coe�cients of the operators Q1L and Q1R are loop suppressed, as happens for example in

Holographic Higgs theories. The contribution from fermionic resonances arises at the 1-loop

level, and can be numerically large. The main reason for this is that loops of pure composites

are sensitive to the multiplicity of states arising from the strong dynamics. In particular all

the composite fermion species, including the partners of SM light quarks and leptons, will

circulate in the loop regardless of how strongly mixed with the elementary fermions they are.

The multiplicity factor N� can then partly compensate for the one-loop suppression, giving

large shifts to both the S parameter and the h ! Z� rate. 14

To illustrate the size of the e↵ects we have been discussing, the left plot of Fig. 5 shows

the shift to the h ! Z� decay amplitude in units of the SM top contribution, �A/Atop
SM , due

to three families of colored fermions (composite quarks) transforming as a 10 + 5 of SO(5)

(second model of Section 3.3 with N� = 9). As discussed in Section 3.2, the correction

comes entirely from the 10, hence the relevant parameters are the following: the scale of

compositeness f , the coe�cients ⇣13, ⇣31, and two ratios of masses which we conveniently

define to be �m/m ⌘ (m(3,1) � m(1,3))/(m(3,1) + m(1,3)) and r ⌘ m(2,2)/(m(3,1) + m(1,3)).

For simplicity we fix ⇣13 = ⇣31 = 1, so that the amount of PLR breaking is fully controlled

by �m/m. The plot shows the relative shift �A/Atop
SM as a function of �m/m for two repre-

sentative values f = 500 GeV and f = 800 GeV. The red and blue bands are obtained by

varying r in the interval 0.1 < r < 2.5. By rescaling ⇣13 and ⇣31 by a common factor ⇣, �A

13We are particularly grateful to John Terning for drawing our attention to the possibility of correlation

between these two e↵ects.
14One might worry that a large multiplicity factor N� could invalidate the perturbative expansion. How-

ever, the light Higgs mass already indicates that composite fermions must be somewhat more weakly coupled

than other resonances, see for example Ref. [25]. With ⇠ 1TeV fermion masses and f = 500 � 800GeV, for

example, the coupling strength g⇤ = M/f is su�ciently small to allow a perturbative expansion controlled

by the loop parameter N�(g2⇤/16⇡
2).
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arXiv:1308.2676

20



Coupling uncertainties

ATLAS, estimate of the!
maximum theory uncertainty!
compatible with <10% increase!
of total uncertainty in 3000/fb

CMS, scaling of signal and!
background yields as:!
Systematic uncertainties remain!
the same (scenario 1)!
Theoretical uncertainties scaled!
by 1⁄2, other systematic!
uncertainties scaled by 1/√L 
(scenario 2)

HL-LHC improves by 2-3x 
2-3% uncertainty on ratios in scenario 2
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Mass dependence of couplings
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HH→bbγγ @ CMS

10.1. Exploitation of the Higgs boson 299

10.1.4.1 bbgg final state

The signal events of interest contain two high-pT photons and two high pT jets originating from
b quarks. Only 320 such events are expected to be produced per experiment at HL-LHC with
3 ab�1. The backgrounds can be broadly categorized into resonant backgrounds which contain
a Higgs boson decaying to two photons, and non-resonant backgrounds, which do not contain
Higgs boson decays. The main resonant backgrounds are ZH, where a Higgs boson is produced
in association with a Z boson, which subsequently decays to two b-jets, tt̄H, where a Higgs bo-
son is produced in association with a top quark-antiquark pair, and bb̄H, where a Higgs boson
is produced in association with a b quark-antiquark pair. The non-resonant QCD backgrounds
considered include production of bb̄gg, production of jjgg with light jets mis-tagged as b-jets,
production of bb̄jg and bb̄jj with one or two jets mis-identified as photons, respectively, and
production of four jets dominated by mis-tagged charm jets. The non-resonant background
processes have cross sections that are several orders of magnitude larger than the resonant
backgrounds but are suppressed by low rates of mis-tagged jets and mis-identified photons
expected for the Phase-II detector. Finally, tt̄(g) enters as a background when both top quarks
decay semi-leptonically to produce electrons and the electrons are subsequently mis-identified
as photons.

Events containing two photons with pT greater than 25 GeV and |h| < 2.5, and two b-tagged
jets with pT greater than 30 GeV and |h| < 2.4 are selected. In addition, one of the two photons
is required to have pT > 40 GeV. Due to the larger background coming from jets being mis-
identified as photons in the endcap region of the detector, the events are split into categories,
one with both photons in the barrel and one with at least one photon in the endcap. To suppress
tt̄H background it is required that no electrons or muons are reconstructed and that the number
of jets with |h| < 2.5 is less than four. Further kinematic requirements are applied to suppress
the background events. It is required that the DR between the two photons and the DR between
the two b-tagged jets is less than 2.0 and the minimum of the DR between photons and b jets is
greater than 1.5.

Process / Selection Stage HH ZH tt̄H bb̄H gg+jets g+jets jets tt̄(g)
Object Selection & 23.8 30.5 184 6.5 3721 1619 287 597Fit Mass Window

Kinematic Selection 13.4 15.1 3.4 2.1 192 98 20 22
Mass Windows 9.0 3.4 1.6 0.8 13.0 6.3 1.1 1.2

Table 10.1: The expected event yields of the signal and background processes for 3000 fb�1

of integrated luminosity are shown at various stages of the cut-based selection for the both
photons in the barrel region. Mass window cuts are 120 GeV to 130 GeV for M

gg

and 105 GeV
to 145 GeV for Mbb. A large fit mass window, 100 GeV to 150 GeV for M

gg

and 70 GeV to
200 GeV for Mbb, is used for the likelihood fit analysis. The statistical uncertainties on the
yields are of the order of percent or smaller.

A two-dimensional maximum likelihood fit of the di-photon, M
gg

, and di-b-jet, Mbb, mass dis-
tributions is performed to extract the signal yield and uncertainty. The expected event yields
for signal and backgrounds for various stages of event selection when the two photons are in
the barrel region is summarized in Table 10.1. Figure 10.10 shows the di-photon mass distri-
bution for signal and background processes together with the result of a pseudo-experiment.
The median expected uncertainty in the signal yield is about 67%. Figure 10.11 shows the evo-
lution of this result as the b-tagging and photon identification efficiencies change. From this
figure one can directly derive the impact on the analysis from improvements on the detector,
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the reconstruction, or the analysis strategy.
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Figure 10.10: Di-photon mass distribution for the estimated signal and background contribu-
tions. The data points show the result of a pseudo-experiment.
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Figure 10.11: The median expected relative uncertainty on the signal yield as a function of the
relative change of b-tagging (left) and photon identification (right) efficiencies.

10.1.4.2 bbtt final state

The t

µ

th, and thth di-tau final states, where th denotes hadronic tau decays, and t

µ

denotes tau
decays to muons, are studied. About 9000 bbtt di-Higgs events per experiment are expected
at HL-LHC with 3 ab�1. However, the tt̄ background with fully leptonic decays to taus is over-
whelming. Another source of large background is Drell-Yan production of a Z boson decaying
into a pair of tau leptons produced in association with jets, where light jets are mis-tagged
as b-jets. The important single Higgs boson backgrounds are ZH, where the Higgs boson is
produced in association with a Z boson, and tt̄H, where the Higgs boson is produced in asso-
ciation with a top quark-antiquark pair. The remaining backgrounds considered are single top
and tt̄ produced in association with a vector boson, and di-boson processes. The QCD multi-jet

✴ Search approach based o 2D fit of Mbb and 
Mγγ!

✴ Parameterized object performance tuned to 
the Phase 2 detector
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the reconstruction, or the analysis strategy.
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Figure 10.11: The median expected relative uncertainty on the signal yield as a function of the
relative change of b-tagging (left) and photon identification (right) efficiencies.
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relative change of b-tagging (left) and photon identification (right) efficiencies.

10.1.4.2 bbtt final state

The t

µ

th, and thth di-tau final states, where th denotes hadronic tau decays, and t
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denotes tau
decays to muons, are studied. About 9000 bbtt di-Higgs events per experiment are expected
at HL-LHC with 3 ab�1. However, the tt̄ background with fully leptonic decays to taus is over-
whelming. Another source of large background is Drell-Yan production of a Z boson decaying
into a pair of tau leptons produced in association with jets, where light jets are mis-tagged
as b-jets. The important single Higgs boson backgrounds are ZH, where the Higgs boson is
produced in association with a Z boson, and tt̄H, where the Higgs boson is produced in asso-
ciation with a top quark-antiquark pair. The remaining backgrounds considered are single top
and tt̄ produced in association with a vector boson, and di-boson processes. The QCD multi-jet
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Vector Boson Scattering (VBS)
New Physics may appear in the unitarization of longitudinal VBS 
Sensitive to New Physics also through Anomalous Quartic 
Gauge Couplings
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Figure 1: In the pp → ZZ + 2 j → ℓℓℓℓ + 2 j process, the reconstructed 4-lepton mass (m4ℓ) spectrum is

shown after requiring m j j > 1 TeV (left), and signal significance as a function of cφW/Λ
2 (right). The

overflow bin is included in the plot on the left.

In the event that there are multiple neutrino pz solutions to the W mass constraint equation, the

solution with the smallest magnitude is chosen. If no real pz solution exists, the x and y components of

Emiss
T

are varied minimally to give a unique solution.

Figure 2 shows the reconstructed 4-lepton invariant mass distribution for this channel.
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Figure 2: In the pp → WZ + 2 j → ℓνℓℓ + 2 j channel, the reconstructed WZ mass spectrum using the

charged leptons and the neutrino solution after requiring m j j > 1 TeV (left), and and signal significance

as a function of fT1/Λ
4 (right). The overflow bin is included in the plot on the left.

5.1 Monte Carlo Predictions

We include only the SM WZ production as background, as ATLAS analyses of current data [17] have

shown that mis-identification backgrounds are small in this channel. Non-VBS WZ production in as-

sociation with initial-state radiation of two jets was simulated using MadGraph [11]. MadGraph 1.5.9

4

ZZjj→4ljj low cross-section but clean 
channel
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Figure 10.16: The expected significance for the discovery of the longitudinal same-sign WW
scattering after 3000 fb�1 of integrated luminosity as a function of the data/MC j-l misiden-
tification rate scale factor (left), and as a function of the integrated luminosity when the j-l
misidentification rate scale factor is set to one (right).

Figure 10.17: The expected 95% CL exclusion limits for the Higgsless scenario after 3000 fb�1

of integrated luminosity and as a function of the data/MC j-l misidentification rate scale factor
(left), and as a function of the integrated luminosity when the j-l misidentification rate scale
factor is set to one (right). The limit is expressed as deviation from the SM divided by the
difference of the Higgsless case from the SM itself.

projections, the upgraded CMS detector is more sensitive than the aged version of the current
one and recovers the same performances one would get with the same luminosity, acquired
during data conditions of the LHC Run-I.

Table 10.3 shows the expected 95% CL limits on the coefficients for BSM higher-order operators
in the EFT Lagrangian in the various scenarios considered. Since the deviations from the SM
happen in high energy tails of the distributions, and the results approach the systematic limit
already, the difference between the scenarios is typically at the order of 10%.
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Figure 10.14: Left, the Df between the two final state charged leptons for the same-sign WW
scattering, after the VBS selections, for positive muons in the non-aged Phase-I scenario. Right,
an example of the expected differences for polarized scatterings in the WZ analysis.

Figure 10.15: Left, the differences in shape of Dhjj between the two final state jets for the WW
scattering, before the VBS selections, for signal and background. Right, the m`` distribution at
the end of the analysis chain, still for the WW scattering, showing the expectation for the SM
case and for a signal hypothesis with enhanced anomalous couplings.

ferences for polarized scatterings in the WZ analysis. In this case the VLVL ! VLVL signal is
searched for on top of the background and the other scattering components. Figure 10.15, on
the left, shows the Dhjj between the two final state jets for the WW scattering, before the VBS
selections. On the right, the m`` distribution is shown at the end of the analysis chain, still
for WW scattering, showing the expectation for the SM case and for a signal hypothesis with
enhanced anomalous couplings.

WW & WZ fully leptonic 
channel also studied and 

combined to increase 
sensitive to NP
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Figure 10.18: The expected cross section uncertainty of the EW WZ scattering (left), and the one
for the longitudinal component of the scattering in the same final state (right) as a function of
the integrated luminosity.

3000 fb�1, 14 TeV Phase-I Phase-II Phase-I aged
Higgsless 95% CL µ exclusion 0.14 0.14 0.20
VL VL scattering significance 2.50 2.75 2.14

Table 10.4: Results of the combination of WW and WZ analyses, assuming a scale factor of 1
for the j-l misidentification rate, for the longitudinal scattering observation and the search of
deviations from the SM due to partial unitarization schemes.

In conclusion, these preliminary studies show that the upgraded CMS detector will recover
the performances of the current one and in some cases grant an improvement in the physics
performances necessary for the verification of the EWSB in a model-independent way with
respect to the detailed description of the low-mass Higgs resonance.

ATL-PHYS-PUB-2013-006

CERN-LHCC-2015-010
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Full spectrum SUSY10.3. Supersymmetry searches and measurements 317
5.2 Evaluation of systematic uncertainties 7

Table 1: Overview over the analyses and their application to the different models.

Analysis Luminosity Model
( fb�1) NM1 NM2 NM3 STC STOC

all-hadronic (HT-Hmiss
T ) search 300

3000
all-hadronic (MT2) search 300

3000
all-hadronic eb1 search 300

3000
1-leptonet1 search 300

3000
monojetet1 search 300

3000
m`+`� kinematic edge 300

3000
multilepton + b-tag search 300

3000
multilepton search 300

3000
ewkino WH search 300

3000

< 3s 3 � 5s > 5s

with an efficiency of unity. The FastJet area method [31] is applied to correct measurements
of jets and energy in the calorimeters for the contribution from neutral pileup particles and
charged pileup particles outside the tracker acceptance.

About 10 to 100 million events per background process are produced with MADGRAPH 5 [14,
15], including up to four extra partons from initial and final state radiation, matched to PYTHIA 6.4
for fragmentation and hadronization. The background cross section is normalized to the next-
to-leading-order (NLO) cross section, which is based on the work in preparation for the Snow-
mass summer study 2013 and discussed in more detail in Refs. [32–34].

5.2 Evaluation of systematic uncertainties

All presented studies are based on 8 TeV analyses, where the systematic uncertainties have
been evaluated based on the various background estimation methods. We assume that the
backgrounds will be estimated in a similar way for the 14 TeV analyses in the future, while in
this paper we use the Monte-Carlo prediction only. Therefore, we use the systematic uncertain-
ties of the 8 TeV analyses as starting point, and scale them on a case-by-case basis depending
on their origin and predicted development of this origin:

• If the selection requirements of the 14 TeV analysis have been tightened such that the
background yield in the signal region is comparable to the one in the 8 TeV analysis,
we quote a typical uncertainty from the 8 TeV search. This is the case for both all-
hadronic analyses with HT-Hmiss

T and MT2 variables.

Figure 10.23: Overview over the SUSY search analyses and their application to the different
full-spectrum models.

750 GeV, E/T > 450 GeV. MT(b1,2, E/T) thresholds 500 � 900 GeV.
• Direct top squark production in the single-lepton channel: 1 isolated lepton (e or

µ), � 5 jets, 1 or 2 b-tagged jets, centrality cut, E/T > 400 (800) GeV, MT > 260 GeV,
MW

T2 > 260 GeV.
• Compressed SUSY spectra, including top squark production with et ! ce

c

0
1, in the

monojet-like final state: pT(jet1) > 900 GeV, Df(jet1, jet2) < 1.8, veto events with
third jet with pT > 100 GeV, no leptons, E/T > 600 GeV.

• Neutralino-slepton cascade signature using the kinematic edge in the dilepton
mass (m`+`�) distribution: 2 opposite-sign, same-flavor isolated leptons (e or µ),
� 6 jets, � 1 b-tagged jet, E/T > 450 GeV, HT > 1250 GeV.

• Electroweak production of chargino-neutralino pair in the W±H + E/T final state:
1 lepton (e or µ), 2 b-tagged jets, 90 < m(bb) < 150 GeV, MCT > 160 GeV, MT >
100 GeV, E/T thresholds 200 GeV to 500 GeV.

• Gluino pair production in the trilepton + b-jets final state: � 3 leptons (e or µ),
b-tagged jets: 2–3 bin and � 4 bin, E/T > 500 GeV.

• Electroweak production of chargino-neutralino pair in the W±Z + E/T final state:
� 3 leptons (e or µ), On-Z and above-Z mass regions in m`+`� , veto events with
b-tagged jets, multiple signal regions in MT vs. E/T.

While each search in this list is given a name that reflects both the nominal target process and
the experimental signature, in many cases the signature is relevant to multiple SUSY processes.

In general, the lepton pT requirements are in the range 15 GeV to 40 GeV, while jet pT require-
ments are in the range 30 GeV to 60 GeV. An exception is the search for bottom-squark pair pro-
duction, where the b-tagged jets are required to satisfy much higher threshold requirements,
as noted above.
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are applied to five full-spectrum benchmark SUSY models, which include three natural SUSY
scenarios, as well as stau and stop coannihilation scenarios. The features of these models, and
the selection requirements of the nine analyses are briefly described. Section 10.3.3 presents
the results obtained from the nine analyses. We consider not only the discovery sensitivity,
but also how, in the event of a discovery, the pattern of signals and the associated kinematic
distributions can provide many clues to understanding the nature of the underlying particle
spectrum. From these studies, it is clear that the full HL-LHC data sample will provide critical
information, even if discoveries are made much earlier. Section 10.3.4 summarizes the main
results and conclusions of these studies.

10.3.1 SUSY models, searches with Run 1 data, and simplified-model projec-
tions to higher energies

10.3.1.1 SUSY models used in the interpretation of searches

This section compares full-spectrum SUSY models, which are used in the new studies pre-
sented in later sections, with simplified-models, which have been used in many of the interpre-
tations of CMS Run 1 data. Figure 10.19 shows the mass spectra for two of the SUSY models,
NM3 and STC. The left-most column shows the particles that make up the Higgs sector, with
the neutral, CP-even Higgs boson fixed at the observed mass, mH = 125 GeV. (All five models
share this feature, but other aspects of their Higgs sectors can vary from model to model.) SUSY
particles with electroweak interactions (only) are shown in the two middle columns. These are
the scalar leptons and scalar neutrinos (sleptons and sneutrinos) and an electroweak sector con-
sisting of the charginos and neutralinos, which are spin-1/2 fermions. The SUSY partners in
the electroweak sector, sometimes referred to as ewkinos, are superpositions of higgsinos and
gauginos of the same charge. The far-right-hand column shows the strongly interacting sector,
with the gluino and the squarks. Because quarks are spin-1/2 objects, they each have two SUSY
partners, corresponding to the L- and R-handed chiral projections, which have different gauge
quantum numbers. Thus, eqL and eqR are distinct particles. Mixing is expected to be significant
in the third generation of squarks, leading to mass eigenstates designatedet1,et2, eb1, and eb2.
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Figure 10.19: Examples of SUSY full-spectrum models: (a) the natural SUSY model NM3 and
(b) the stau coannihilation model STC, which are among the five full-spectrum scenarios used
in the studies presented here. In NM3, the masses of the eg,et1,et2, and eb1 are all below 2 TeV. The
e
c

0
1 is higgsino-like. In the STC model, the gluino is much heavier than the top squarks, and the

slepton sector is light, with the e
t nearly degenerate with the e

c

0
1. The lines between different

states indicate transitions with branching fractions greater than 5%.
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are applied to five full-spectrum benchmark SUSY models, which include three natural SUSY
scenarios, as well as stau and stop coannihilation scenarios. The features of these models, and
the selection requirements of the nine analyses are briefly described. Section 10.3.3 presents
the results obtained from the nine analyses. We consider not only the discovery sensitivity,
but also how, in the event of a discovery, the pattern of signals and the associated kinematic
distributions can provide many clues to understanding the nature of the underlying particle
spectrum. From these studies, it is clear that the full HL-LHC data sample will provide critical
information, even if discoveries are made much earlier. Section 10.3.4 summarizes the main
results and conclusions of these studies.

10.3.1 SUSY models, searches with Run 1 data, and simplified-model projec-
tions to higher energies

10.3.1.1 SUSY models used in the interpretation of searches

This section compares full-spectrum SUSY models, which are used in the new studies pre-
sented in later sections, with simplified-models, which have been used in many of the interpre-
tations of CMS Run 1 data. Figure 10.19 shows the mass spectra for two of the SUSY models,
NM3 and STC. The left-most column shows the particles that make up the Higgs sector, with
the neutral, CP-even Higgs boson fixed at the observed mass, mH = 125 GeV. (All five models
share this feature, but other aspects of their Higgs sectors can vary from model to model.) SUSY
particles with electroweak interactions (only) are shown in the two middle columns. These are
the scalar leptons and scalar neutrinos (sleptons and sneutrinos) and an electroweak sector con-
sisting of the charginos and neutralinos, which are spin-1/2 fermions. The SUSY partners in
the electroweak sector, sometimes referred to as ewkinos, are superpositions of higgsinos and
gauginos of the same charge. The far-right-hand column shows the strongly interacting sector,
with the gluino and the squarks. Because quarks are spin-1/2 objects, they each have two SUSY
partners, corresponding to the L- and R-handed chiral projections, which have different gauge
quantum numbers. Thus, eqL and eqR are distinct particles. Mixing is expected to be significant
in the third generation of squarks, leading to mass eigenstates designatedet1,et2, eb1, and eb2.
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Figure 10.19: Examples of SUSY full-spectrum models: (a) the natural SUSY model NM3 and
(b) the stau coannihilation model STC, which are among the five full-spectrum scenarios used
in the studies presented here. In NM3, the masses of the eg,et1,et2, and eb1 are all below 2 TeV. The
e
c

0
1 is higgsino-like. In the STC model, the gluino is much heavier than the top squarks, and the

slepton sector is light, with the e
t nearly degenerate with the e

c

0
1. The lines between different

states indicate transitions with branching fractions greater than 5%.

➡ Five phenomenological models motivated by 
naturalness explored through a number of 
signature-based searches 

➡ Models differ by nature of the LSP (bino-, 
higgsino-like), EWK-inos and sleptons 
hierarchies 

➡ STC (stau) and STOC (stop) co-annihilation 
models satisfy dark matter constraints

Higgs sector with mh=125 GeV
EW sector Strong sector

Light sbottom, stop, higgsino, gluino
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Natural Models
4.1 Natural models (NM) 5
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è
R

e⌫L

è
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Figure 2: Masses of the SUSY particles in five full-spectrum SUSY models in this document and
their decay lines, which are drawn for branching fractions above 5%. Shown are (a) NM1, (b)
NM2, (c) NM3, (d) STC, and (e) STOC.
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Figure 2: Masses of the SUSY particles in five full-spectrum SUSY models in this document and
their decay lines, which are drawn for branching fractions above 5%. Shown are (a) NM1, (b)
NM2, (c) NM3, (d) STC, and (e) STOC.
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Figure 2: Masses of the SUSY particles in five full-spectrum SUSY models in this document and
their decay lines, which are drawn for branching fractions above 5%. Shown are (a) NM1, (b)
NM2, (c) NM3, (d) STC, and (e) STOC.
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CMS 𝒳±𝒳0 searches
Lepton candidates pT > 10 GeV and |η| < 4

Leading lepton pT > 25 GeV

Second leading lepton pT > 15 GeV

One opposite-sign same-flavor (OSSF) lepton

Veto on events with 4 leptons or with a b-tagged jet

28 13 Search for the electroweak production of charginos and neutralinos
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Figure 18: Multilepton search: (a) Definition of search regions (SRs) and (b) the m`+`� distribu-
tion for the different full-spectrum SUSY models compared to the SM background. The SMS
signal distribution corresponds to the topology shown in Fig. 17(a) with mec±

1
= mec0

2
= 500 GeV

and mec0
1
= 100 GeV.

 (GeV)TM
0 100 200 300 400 500 600 700 800 900 1000

Ev
en

ts
 / 

10
0 

G
eV

1

10

210

310

410

510

VV
Non-prompt
Rare SM
STC
NM1
NM2
NM3
SMS (500/100)

, PU = 140-114 TeV, 3000 fb

CMS Phase II Delphes Simulation
Preliminary

(a)
 (GeV)miss

TE
0 100 200 300 400 500 600 700 800

Ev
en

ts
 / 

10
0 

G
eV

1

10

210

310

410

510

VV
Non-prompt
Rare SM
STC
NM1
NM2
NM3
SMS (500/100)

, PU = 140-114 TeV, 3000 fb

CMS Phase II Delphes Simulation
Preliminary

(b)

Figure 19: Multilepton search: Distributions for the on-Z search region SR 9: (a) the MT
distribution for events with Emiss

T > 400 GeV and (b) the Emiss
T distribution for events with

200 < MT < 400 GeV. The SMS signal distributions correspond to the topology shown in
Fig. 17(a) with mec±

1
= mec0

2
= 500 GeV and mec0

1
= 100 GeV.

MT, as shown in Fig. 18(a). The invariant mass distribution of the OSSF pair for the different
full-spectrum SUSY models compared to the background is given in Fig. 18(b). Figure 19 show
Emiss

T and MT distributions for the on-Z signal region SR 9.

We assume 3% uncertainty for the efficiency to reconstruct each lepton in the event and 1% as
trigger uncertainty. The largest uncertainty is caused by Emiss

T , which is scaled by ± 5%. The
resulting differences lead to an uncertainty of about 10% in the low Emiss

T SRs, rising up to 25%
in the high Emiss

T SRs. The uncertainty due to the Monte Carlo statistics is in most cases below
5%, but for a very few bins they can have an influence.

Table 10 contains the results for the different search regions, comparing the estimated total SM

28 13 Search for the electroweak production of charginos and neutralinos

  (GeV)TM
0 100 200 300 400 500 600 700 800 900 1000

 (G
eV

)
m

is
s

TE

0
100
200
300
400
500
600
700
800
900

1000

1
2

3

4
5

6

7

8

9

10

11

12

13

14

15

120
60

120

(a)

 (GeV)llm
0 50 100 150 200 250

Ev
en

ts
 / 

10
 G

eV

1

10

210

310

410

510

610

710

810

910

VV
Non-prompt
Rare SM
STC
NM1
NM2
NM3
SMS (500/100)

, PU = 140-114 TeV, 3000 fb

CMS Phase II Delphes Simulation
Preliminary

(b)

Figure 18: Multilepton search: (a) Definition of search regions (SRs) and (b) the m`+`� distribu-
tion for the different full-spectrum SUSY models compared to the SM background. The SMS
signal distribution corresponds to the topology shown in Fig. 17(a) with mec±

1
= mec0

2
= 500 GeV

and mec0
1
= 100 GeV.

 (GeV)TM
0 100 200 300 400 500 600 700 800 900 1000

Ev
en

ts
 / 

10
0 

G
eV

1

10

210

310

410

510

VV
Non-prompt
Rare SM
STC
NM1
NM2
NM3
SMS (500/100)

, PU = 140-114 TeV, 3000 fb

CMS Phase II Delphes Simulation
Preliminary

(a)
 (GeV)miss

TE
0 100 200 300 400 500 600 700 800

Ev
en

ts
 / 

10
0 

G
eV

1

10

210

310

410

510

VV
Non-prompt
Rare SM
STC
NM1
NM2
NM3
SMS (500/100)

, PU = 140-114 TeV, 3000 fb

CMS Phase II Delphes Simulation
Preliminary

(b)

Figure 19: Multilepton search: Distributions for the on-Z search region SR 9: (a) the MT
distribution for events with Emiss

T > 400 GeV and (b) the Emiss
T distribution for events with

200 < MT < 400 GeV. The SMS signal distributions correspond to the topology shown in
Fig. 17(a) with mec±
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MT, as shown in Fig. 18(a). The invariant mass distribution of the OSSF pair for the different
full-spectrum SUSY models compared to the background is given in Fig. 18(b). Figure 19 show
Emiss

T and MT distributions for the on-Z signal region SR 9.

We assume 3% uncertainty for the efficiency to reconstruct each lepton in the event and 1% as
trigger uncertainty. The largest uncertainty is caused by Emiss

T , which is scaled by ± 5%. The
resulting differences lead to an uncertainty of about 10% in the low Emiss

T SRs, rising up to 25%
in the high Emiss

T SRs. The uncertainty due to the Monte Carlo statistics is in most cases below
5%, but for a very few bins they can have an influence.

Table 10 contains the results for the different search regions, comparing the estimated total SM

13.2 Search for ec±
1 ec0

2 production in the WH + Emiss
T final state 29

background to the different SUSY models, including the simplified model with mec±
1

= mec0
2

=

500 GeV and mec0
1
= 100 GeV.

The results are interpreted in different SUSY scenarios using the asymptotic option of the Higgs
combination tool [48]. For the SMS we test a matrix of mass points in steps of 100 GeV, ranging
from 100 to 1000 GeV for mec±

1
= mec0

2
, and from 0 to 900 GeV for mec0

1
(with the requirement

mec±
1

= mec0
2
> mec0

1
). The corresponding 5s discovery lines for 300 fb�1 with the Phase I detector

and 50 pileup events, and 3000 fb�1 with the Phase II detector and 140 pileup events, are shown
in Fig. 20(a) for branching fractions of B(ec0

2 ! Zec0
1) = 50% and 100%. For high ec±

1 and
ec0

2 masses, the sensitivity is strongest in the signal region with tight lepton pT requirements.
Figure 20(b) contains the discovery sensitivity as function of the luminosity for the investigated
full-spectrum SUSY models. We reach about 3–4s for the STC, NM1, and NM2 models, and
about 2s for the NM3 model.
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Figure 20: Multilepton search: (a) Contours for 5s discovery in the SMS model with mec±
1

= mec0
2

versus mec0
1

plane. (b) Discovery significance as a function of the integrated luminosity.

13.2 Search for ec±
1 ec0

2 production in the WH + Emiss
T final state

This search targets chargino-neutralino production leading to WH + Emiss
T final states, as shown

in Fig. 17(b). We search for this topology using W ! `n and H ! bb, which has the largest
branching fraction of any Higgs decay. This single lepton channel was found to be the most
sensitive in the 8 TeV run [19].

Events are required to contain a single isolated high pT lepton (e or µ), as well as two high
pT b jets that reconstruct to the mass of a Higgs boson. The lepton candidate is required to
satisfy pT > 40 GeV and |h| < 2.4. Events are vetoed if additional leptons with pT > 10 GeV
are present. This veto suppresses tt events with two leptons from the decay of the two W
bosons. To suppress tt events with a single leptonic W decay, events are also vetoed if there are
additional jets satisfying pT > 30 GeV and |h| < 2.4. We require the invariant mass of the two
b-tagged jets, mbb to lie between 90 and 150 GeV to be consistent with the Higgs boson mass.

The transverse mass, MT, computed from the lepton momentum and Emiss
T , is required to satisfy

MT > 100 GeV. This cut strongly suppresses backgrounds with exactly one leptonic W boson
decay. The contransverse mass, MCT, as defined in Section 8, is used to suppress the remaining
tt background, which has an endpoint at MCT = (m2

t � m2
W)/mt ⇡ 135 GeV. We require MCT >
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Table 11: Ewkino WH search: Yields for the Phase I scenario with 50 pileup events and 300 fb�1,
after all signal selections except for the Emiss

T requirement listed.
Sample Emiss

T > 200 GeV Emiss
T > 300 GeV Emiss

T > 400 GeV
tt 87 ± 23 22 ± 10 2.7 ± 1.9

V + jets 2.1 ± 0.4 0.2 ± 0.0 0.0 ± 0.0
single top 29 ± 5 3.3 ± 0.8 0.4 ± 0.1

diboson 8.0 ± 1.8 1.2 ± 0.3 0.4 ± 0.1
Other SM 2.7 ± 0.6 0.5 ± 0.1 0.1 ± 0.0
Total SM 129 ± 24 27 ± 10 3.7 ± 1.9

WH signal (200,1) 75 ± 10 19 ± 5 4.4 ± 2.5
WH signal (500,1) 60 ± 2 34 ± 1 13 ± 1
WH signal (900,1) 6.2 ± 0.1 5.2 ± 0.1 3.8 ± 0.1

Natural Model 2 26 ± 0 13 ± 0 3.7 ± 0.1

Table 12: Ewkino WH search: Estimated significance in s for a few signal points in the Phase I,
50 pileup scenario with 300 fb�1. The yields from Table 11 are used, and two different choices
of background systematic uncertainty are presented.

Sample Emiss
T > 200 GeV Emiss

T > 300 GeV Emiss
T > 400 GeV

25% Background Uncertainty
WH signal (200,1) 1.7 1.8 1.5
WH signal (500,1) 1.4 2.9 3.9
WH signal (900,1) - 0.4 1.3

Natural Model 2 0.6 1.2 1.3
12.5% Background Uncertainty

WH signal (200,1) 3.2 2.6 1.8
WH signal (500,1) 2.6 4.4 4.5
WH signal (900,1) 0.2 0.7 1.5

Natural Model 2 1.2 1.8 1.5

Table 13: Ewkino WH search: Yields for the Phase II scenario with 140 pileup events and
3000 fb�1, after all signal cuts except for the Emiss

T requirement listed.
Sample Emiss

T > 200 GeV Emiss
T > 300 GeV Emiss

T > 400 GeV Emiss
T > 500 GeV

tt 1000 ± 260 261 ± 130 17 ± 13 0.5 ± 0.2
V + jets 14 ± 4 1.2 ± 0.3 0.1 ± 0.1 0.0 ± 0.0

single top 291 ± 38 66 ± 11 13 ± 4 2.5 ± 0.8
diboson 87 ± 16 24 ± 5 8.4 ± 2.0 4.4 ± 1.4

Other SM 14 ± 5 2.7 ± 0.6 0.6 ± 0.1 0.1 ± 0.0
Total SM 1410 ± 260 354 ± 130 39 ± 14 7.5 ± 1.6

WH signal (200,1) 1340 ± 140 220 ± 57 73 ± 33 29 ± 21
WH signal (500,1) 605 ± 18 367 ± 14 154 ± 9 40 ± 5
WH signal (900,1) 60 ± 1 51 ± 1 38 ± 1 24 ± 1

Natural Model 2 276 ± 4 150 ± 3 46 ± 2 11 ± 1

Figure 22(a) shows the 5s discovery reach and 95% confidence level (CL) exclusion for each
scenario assuming the smaller systematic uncertainty of 12.5%. In the Phase I and 300 fb�1

scenario, the 5s discovery reach includes only a small region around mec0
2
⇡ 400 GeV for LSP

masses less than 50 GeV, while the 3000 fb�1 Phase II program increases this discovery region
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Table 14: Ewkino WH search: Estimated significance in s for a few signal points in the Phase II,
140 pileup scenario with 3000 fb�1. The yields from Table 13 are used, and two different choices
of background systematic uncertainty are presented.

Sample Emiss
T > 200 GeV Emiss

T > 300 GeV Emiss
T > 400 GeV Emiss

T > 500 GeV
25% Background Uncertainty

WH signal (200,1) 2.8 1.9 4.3 5.5
WH signal (500,1) 1.4 3.0 7.6 6.9
WH signal (900,1) - 0.4 2.5 4.7

Natural Model 2 0.6 1.3 2.9 2.4
12.5% Background Uncertainty

WH signal (200,1) 5.8 3.8 6.7 6.8
WH signal (500,1) 2.9 5.9 12 8.6
WH signal (900,1) - 0.9 3.9 5.8

Natural Model 2 1.4 2.7 4.7 3.0
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Figure 22: Ewkino WH search: (a) Contours for 5s discovery and 95% CL exclusion in the SMS
plane of mec±

1
= mec0

2
versus mec0

1
for the Phase I 50 pileup and Phase II 140 pileup scenarios, as-

suming a background systematic uncertainty of 12.5%. The observed exclusion contour based
on the 2012 data is also overlaid. (b) The same contours in the Phase II 140 pileup scenario,
showing the impact of different branching fractions for ec±

1 ec0
2 ! (Wec0

1)(Hec0
1).

dramatically up to 950 GeV for LSP masses up to 300 GeV. The exclusion region covers ec±
1 and

ec0
2 masses up to about 800 GeV for LSP masses of up to about 250 GeV in the Phase I and 300 fb�1

scenario. If no signal is observed with the HL-LHC data, the limits will extend beyond 1 TeV
for ec±

1 and ec0
2 masses with LSP masses up to about 550 GeV. Figure 22(b) shows the impact of

a 50% branching fraction for ec±
1 ec0

2 ! (Wec0
1)(Hec0

1). The discovery sensitivity is reduced to the
range of ec±

1 between 400 and 750 GeV and extends up to an LSP mass of about 150 GeV.

As this analysis is highly dependent on high luminosity, we investigate here the effect of a
possible continuation of running without an extensive upgrade of the detector, which would
lead to a serious aging effect even if the pixel detector is replaced after 300–500 fb�1. A maxi-
mum luminosity of 1000 fb�1 is expected to be taken until crucial detector parts, especially the
tracker and the endcaps, suffer from significant radiation damage. The effect of the degrada-
tion in the lepton identification, b-tagging efficiency, and Emiss

T resolution have been estimated,

300/fb        3000/fb
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Table 14: Ewkino WH search: Estimated significance in s for a few signal points in the Phase II,
140 pileup scenario with 3000 fb�1. The yields from Table 13 are used, and two different choices
of background systematic uncertainty are presented.

Sample Emiss
T > 200 GeV Emiss

T > 300 GeV Emiss
T > 400 GeV Emiss

T > 500 GeV
25% Background Uncertainty

WH signal (200,1) 2.8 1.9 4.3 5.5
WH signal (500,1) 1.4 3.0 7.6 6.9
WH signal (900,1) - 0.4 2.5 4.7

Natural Model 2 0.6 1.3 2.9 2.4
12.5% Background Uncertainty

WH signal (200,1) 5.8 3.8 6.7 6.8
WH signal (500,1) 2.9 5.9 12 8.6
WH signal (900,1) - 0.9 3.9 5.8

Natural Model 2 1.4 2.7 4.7 3.0
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Figure 22: Ewkino WH search: (a) Contours for 5s discovery and 95% CL exclusion in the SMS
plane of mec±

1
= mec0

2
versus mec0

1
for the Phase I 50 pileup and Phase II 140 pileup scenarios, as-

suming a background systematic uncertainty of 12.5%. The observed exclusion contour based
on the 2012 data is also overlaid. (b) The same contours in the Phase II 140 pileup scenario,
showing the impact of different branching fractions for ec±

1 ec0
2 ! (Wec0

1)(Hec0
1).

dramatically up to 950 GeV for LSP masses up to 300 GeV. The exclusion region covers ec±
1 and

ec0
2 masses up to about 800 GeV for LSP masses of up to about 250 GeV in the Phase I and 300 fb�1

scenario. If no signal is observed with the HL-LHC data, the limits will extend beyond 1 TeV
for ec±

1 and ec0
2 masses with LSP masses up to about 550 GeV. Figure 22(b) shows the impact of

a 50% branching fraction for ec±
1 ec0

2 ! (Wec0
1)(Hec0

1). The discovery sensitivity is reduced to the
range of ec±

1 between 400 and 750 GeV and extends up to an LSP mass of about 150 GeV.

As this analysis is highly dependent on high luminosity, we investigate here the effect of a
possible continuation of running without an extensive upgrade of the detector, which would
lead to a serious aging effect even if the pixel detector is replaced after 300–500 fb�1. A maxi-
mum luminosity of 1000 fb�1 is expected to be taken until crucial detector parts, especially the
tracker and the endcaps, suffer from significant radiation damage. The effect of the degrada-
tion in the lepton identification, b-tagging efficiency, and Emiss

T resolution have been estimated,
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ATLAS 𝒳±𝒳0 searchesTable 1: Summary of selection requirements for the 300 fb�1 and 3000 fb�1 WZ-mediated signal regions.
For each luminosity scenario, the looser “A” signal region aims at maximal discovery, and the tighter
“B” and “C” regions aim at maximal exclusion. Region“D” is an additional tight signal region for the
3000 fb�1 scenario. The mass of the SFOS lepton pair closest to the Z boson mass is denoted by mSFOS.

Selection SRA SRB SRC SRD

mSFOS[GeV] 81.2-101.2
# b-tagged jets 0

lepton pT (1,2,3)[GeV] > 50
Emiss

T [GeV] > 250 > 300 > 400 > 500
mT [GeV] > 150 > 200 > 200 > 200

hµi = 60, 300 fb�1 scenario yes yes yes –
hµi = 140, 3000 fb�1 scenario yes yes yes yes

3.2 WZ-mediated Expected Sensitivity

The number of events for the SM background and four SUSY scenarios can be seen in Table 2 for the
300 fb�1 and 3000 fb�1 signal regions. The SM background is dominated by WZ production in all signal
regions, followed by small contributions from ZWW, ZZW and tt̄Z production. SM backgrounds with at
least one mis-identified or non-prompt lepton (tt̄ and Z+jets) are completely suppressed in this study by
the tight signal regions requirements.

Table 2: Expected numbers of events for SM background and four SUSY scenarios for the WZ-mediated
signal regions. Uncertainties are statistical only.

Sample SRA SRB SRC SRA SRB SRC SRD
Scenario 300 fb�1, µ=60 3000 fb�1, µ=140

WZ 9.60±0.32 4.59±0.22 1.91±0.14 200±5 59.4±2.5 22.0±1.5 8.3±1.0
ZZ 0 0 0 0 0 0 0

VVV 2.11±0.18 1.07±0.13 0.44±0.08 24.3±1.9 12.1±1.4 5.4±0.8 2.0±0.5
Wh 0 0 0 0 0 0 0
tt̄V 0.67±0.19 0.23±0.12 0 14.4±2.8 4.2±1.6 0.31±0.31 0
tt̄ 0 0 0 0 0 0 0

⌃MC 12.4±0.4 5.89±0.28 2.35±0.16 239±6 75.6±3.3 27.7±1.8 10.3±1.1

WZ-mediated
m(�̃0

2, �̃
0
1)=(400,0) GeV 38.5±0.6 20.1±0.5 5.47±0.23 407±6 224±5 67.9±2.6 19.7±1.4

m(�̃0
2, �̃

0
1)=(600,0) GeV 19.40±0.20 14.69±0.17 7.76±0.12 194.8±2.0 148.9±1.7 81.6±1.3 33.5±0.8

m(�̃0
2, �̃

0
1)=(800,0) GeV 6.97±0.06 5.90±0.06 4.21±0.05 69.6±0.6 59.1±0.6 42.4±0.5 25.2±0.4

m(�̃0
2, �̃

0
1)=(1000,0) GeV 2.31±0.02 2.05±0.02 1.64±0.02 22.94±0.19 20.42±0.18 16.36±0.16 11.55±0.14

The signal significances from the WZ-mediated signal regions are combined in quadrature for each of
the two luminosities considered. For WZ-mediated signals, the combination is performed using disjoint
versions of SRA-C (SRA-D) for the 300 fb�1 (3000 fb�1) luminosity scenario. The disjoint regions are
defined by imposing upper Emiss

T and mT bounds on the looser regions to prevent overlap with the tighter
regions, e.g. SRA is additionally required to have Emiss

T < 300 GeV or mT < 200 GeV to prevent overlap
with SRB.

The 95% exclusion and 5� discovery contours that would be expected for the WZ-mediated simpli-
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Table 1: Summary of selection requirements for the 300 fb�1 and 3000 fb�1 WZ-mediated signal regions.
For each luminosity scenario, the looser “A” signal region aims at maximal discovery, and the tighter
“B” and “C” regions aim at maximal exclusion. Region“D” is an additional tight signal region for the
3000 fb�1 scenario. The mass of the SFOS lepton pair closest to the Z boson mass is denoted by mSFOS.

Selection SRA SRB SRC SRD

mSFOS[GeV] 81.2-101.2
# b-tagged jets 0

lepton pT (1,2,3)[GeV] > 50
Emiss

T [GeV] > 250 > 300 > 400 > 500
mT [GeV] > 150 > 200 > 200 > 200

hµi = 60, 300 fb�1 scenario yes yes yes –
hµi = 140, 3000 fb�1 scenario yes yes yes yes

3.2 WZ-mediated Expected Sensitivity

The number of events for the SM background and four SUSY scenarios can be seen in Table 2 for the
300 fb�1 and 3000 fb�1 signal regions. The SM background is dominated by WZ production in all signal
regions, followed by small contributions from ZWW, ZZW and tt̄Z production. SM backgrounds with at
least one mis-identified or non-prompt lepton (tt̄ and Z+jets) are completely suppressed in this study by
the tight signal regions requirements.

Table 2: Expected numbers of events for SM background and four SUSY scenarios for the WZ-mediated
signal regions. Uncertainties are statistical only.

Sample SRA SRB SRC SRA SRB SRC SRD
Scenario 300 fb�1, µ=60 3000 fb�1, µ=140

WZ 9.60±0.32 4.59±0.22 1.91±0.14 200±5 59.4±2.5 22.0±1.5 8.3±1.0
ZZ 0 0 0 0 0 0 0

VVV 2.11±0.18 1.07±0.13 0.44±0.08 24.3±1.9 12.1±1.4 5.4±0.8 2.0±0.5
Wh 0 0 0 0 0 0 0
tt̄V 0.67±0.19 0.23±0.12 0 14.4±2.8 4.2±1.6 0.31±0.31 0
tt̄ 0 0 0 0 0 0 0

⌃MC 12.4±0.4 5.89±0.28 2.35±0.16 239±6 75.6±3.3 27.7±1.8 10.3±1.1

WZ-mediated
m(�̃0

2, �̃
0
1)=(400,0) GeV 38.5±0.6 20.1±0.5 5.47±0.23 407±6 224±5 67.9±2.6 19.7±1.4

m(�̃0
2, �̃

0
1)=(600,0) GeV 19.40±0.20 14.69±0.17 7.76±0.12 194.8±2.0 148.9±1.7 81.6±1.3 33.5±0.8

m(�̃0
2, �̃

0
1)=(800,0) GeV 6.97±0.06 5.90±0.06 4.21±0.05 69.6±0.6 59.1±0.6 42.4±0.5 25.2±0.4

m(�̃0
2, �̃

0
1)=(1000,0) GeV 2.31±0.02 2.05±0.02 1.64±0.02 22.94±0.19 20.42±0.18 16.36±0.16 11.55±0.14

The signal significances from the WZ-mediated signal regions are combined in quadrature for each of
the two luminosities considered. For WZ-mediated signals, the combination is performed using disjoint
versions of SRA-C (SRA-D) for the 300 fb�1 (3000 fb�1) luminosity scenario. The disjoint regions are
defined by imposing upper Emiss

T and mT bounds on the looser regions to prevent overlap with the tighter
regions, e.g. SRA is additionally required to have Emiss

T < 300 GeV or mT < 200 GeV to prevent overlap
with SRB.

The 95% exclusion and 5� discovery contours that would be expected for the WZ-mediated simpli-
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Table 3: Summary of selection requirements for the 300 fb�1 and 3000 fb�1 3` Wh-mediated signal
regions. The looser “E” and “F” signal regions are optimised for small mass splitting scenarios, the
tight “G” region for larger mass splittings and the very tight “H” region for large mass splittings for the
3000 fb�1 scenario only.

Selection SRE SRF SRG SRH

SFOS pair veto
# b-tagged jets 0

Emiss
T [GeV] > 100

mmin�R
OS [GeV] < 75

mT(`1) [GeV] > 200 > 200 > 300 > 400
mT(`2) [GeV] > 100 > 150 > 150 > 150
mT(`3) [GeV] > 100 > 100 > 100 > 100

hµi = 60, 300 fb�1 scenario yes yes yes —
hµi = 140, 3000 fb�1 scenario yes yes yes yes

Events are selected with exactly one lepton with pT larger than 25 GeV and an Opposite Sign (OS)
tau pair. Events with b-tagged jets are vetoed to suppress tt̄ and tt̄ + V backgrounds. The tt̄ samples
decaying to taus are generated with a Emiss

T > 120 GeV filter, and so a requirement of Emiss
T > 250 GeV

is imposed after smearing.
A signal region for the 3000 fb�1 luminosity scenario is defined in Table 4, where the tau pair invari-

ant mass m⌧⌧ is required to be 80–130 GeV consistent with a h!⌧⌧ decay. In addition to a b-jet veto and
a large Emiss

T requirement, the scalar sum of the pT of the two taus is also required to be high to reject
most SM backgrounds. Finally, the transverse mass (using the lepton and Emiss

T ) is required to be large
to suppress SM processes with W!`⌫ decays.

Table 4: Summary of selection requirements for the 3000 fb�1 1`2⌧ Wh-mediated signal region.

Selection SR1`2⌧

# e, µ 1
# ⌧ 2 (OS)

# b-tagged jets 0
Emiss

T [GeV] > 250
m⌧⌧ [GeV] 80-130

|pT (⌧1)| + |pT (⌧2)| [GeV] > 190
mT(`) [GeV] > 130

3.5 Wh-mediated Expected Sensitivity

The number of events for the SM background and four SUSY scenarios can be seen in Table 5 for the
300 fb�1 and 3000 fb�1 3` signal regions. The SM background is dominated by WWW and tt̄ production
in both signal regions, followed by smaller contributions from Wh, tt̄W, ZWW and WZ production. SM
backgrounds with a Z boson are almost completely suppressed in this study by the SFOS lepton veto. In
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Table 3: Summary of selection requirements for the 300 fb�1 and 3000 fb�1 3` Wh-mediated signal
regions. The looser “E” and “F” signal regions are optimised for small mass splitting scenarios, the
tight “G” region for larger mass splittings and the very tight “H” region for large mass splittings for the
3000 fb�1 scenario only.

Selection SRE SRF SRG SRH

SFOS pair veto
# b-tagged jets 0

Emiss
T [GeV] > 100

mmin�R
OS [GeV] < 75

mT(`1) [GeV] > 200 > 200 > 300 > 400
mT(`2) [GeV] > 100 > 150 > 150 > 150
mT(`3) [GeV] > 100 > 100 > 100 > 100

hµi = 60, 300 fb�1 scenario yes yes yes —
hµi = 140, 3000 fb�1 scenario yes yes yes yes

Events are selected with exactly one lepton with pT larger than 25 GeV and an Opposite Sign (OS)
tau pair. Events with b-tagged jets are vetoed to suppress tt̄ and tt̄ + V backgrounds. The tt̄ samples
decaying to taus are generated with a Emiss

T > 120 GeV filter, and so a requirement of Emiss
T > 250 GeV

is imposed after smearing.
A signal region for the 3000 fb�1 luminosity scenario is defined in Table 4, where the tau pair invari-

ant mass m⌧⌧ is required to be 80–130 GeV consistent with a h!⌧⌧ decay. In addition to a b-jet veto and
a large Emiss

T requirement, the scalar sum of the pT of the two taus is also required to be high to reject
most SM backgrounds. Finally, the transverse mass (using the lepton and Emiss

T ) is required to be large
to suppress SM processes with W!`⌫ decays.

Table 4: Summary of selection requirements for the 3000 fb�1 1`2⌧ Wh-mediated signal region.

Selection SR1`2⌧

# e, µ 1
# ⌧ 2 (OS)

# b-tagged jets 0
Emiss

T [GeV] > 250
m⌧⌧ [GeV] 80-130

|pT (⌧1)| + |pT (⌧2)| [GeV] > 190
mT(`) [GeV] > 130

3.5 Wh-mediated Expected Sensitivity

The number of events for the SM background and four SUSY scenarios can be seen in Table 5 for the
300 fb�1 and 3000 fb�1 3` signal regions. The SM background is dominated by WWW and tt̄ production
in both signal regions, followed by smaller contributions from Wh, tt̄W, ZWW and WZ production. SM
backgrounds with a Z boson are almost completely suppressed in this study by the SFOS lepton veto. In
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Wh Selection (1l2τ)

contour reaches 650 GeV in �̃±1 , �̃
0
2 mass for the 300 fb�1 scenario, and 940 GeV in �̃±1 , �̃

0
2 mass for the

3000 fb�1 scenario. The discovery contour for 3000 fb�1 reaches 650 GeV in �̃±1 , �̃
0
2 mass, however,

a discovery contour is not achieved for the 300 fb�1 scenario. For the 8 TeV analysis, the exclusion
contour reaches 150 GeV in �̃±1 , �̃

0
2 mass and 17 GeV in �̃0

1 mass [20].
In the case of the 1`2⌧ channel, the exclusion contour reaches 550 GeV in �̃±1 , �̃

0
2 mass for the

3000 fb�1 scenario. An exclusion contour for 300 fb�1 is not achieved, neither are discovery contours
for either luminosity scenario. A statistical fluctuation in the WW background sample used for the anal-
ysis leads to a conservative estimate of the WW background of 3.5 events. Using an ABCD method
with the Emiss

T and |pT (⌧1)| + |pT (⌧2)| variables, the WW estimate is reduced to 0.1 events and the limits
improve by about 50 GeV in �̃±1 , �̃0

2 and �̃0
1 mass. Despite the weak sensitivity to Wh-mediated scenarios

with h! ⌧⌧ final states, the 1`2⌧ channel gives excellent complementarity to 3` final states.
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Figure 5: The expected 95% exclusion contours for the 300 fb�1 and 3000 fb�1 luminosity scenarios in
the m(�̃0

1) vs m(�̃±1 , �̃
0
2) plane for the Wh-mediated simplified model. The sensitivity using the 3` channel

is shown on the left, and the 1`2⌧ channel on the right.

4 Strongly produced supersymmetry

Strongly produced SUSY particles are expected to have the highest production cross-section of all SUSY
processes, provided they are light enough to be produced at the LHC. In this study, simplified models
of gluino and squark pair production are considered. The gluino decays directly into two quarks and the
LSP (�̃0

1) with 100% branching ratio, as shown in Figure 6. The squark decays into a quark and the LSP
(�̃0

1) with 100% branching ratio. In both cases signal events are characterised by many jets, large Emiss
T

and no leptons.

4.1 Background processes

The SM background for a signal with many jets and large Emiss
T is dominated by Z+jets, W+jets, tt̄ and

diboson production. Based on 8 TeV published results [22], the diboson background is set to 10% of the
total of the other SM backgrounds, multijet production is assumed to be suppressed to negligible levels
by dedicated signal region requirements, and the uncertainty on the total SM background is assumed to
be 10%.
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M1 M2 M3

Expected events 73 ± 12 10 ± 4 10 ± 4

tt̄ events 58 ± 11 4.7 ± 2.9 8 ± 4
single top events 4.1 ± 2.4 – –
W+jets events 4.1 ± 2.9 4.0 ± 2.8 –
tt̄ + V events 4.5 ± 1.5 1.8 ± 1.0 1.5 ± 0.9
Other SM events 2.5 ± 1.5 – –

m(�̃0
2, �̃
±
1 ) = 600 GeV, m(�̃0

1) = 0 GeV events 77 ± 5 69 ± 5 59 ± 4
m(�̃0

2, �̃
±
1 ) = 500 GeV, m(�̃0

1) = 300 GeV events 9.1 ± 2.0 1.2 ± 0.7 1.2 ± 0.7
m(�̃0

2, �̃
±
1 ) = 1000 GeV, m(�̃0

1) = 0 GeV events 11.2 ± 0.4 15.7 ± 0.6 18.9 ± 0.7

Table 5: Expected MVA signal region yields, for an integrated luminosity of 3000 fb�1. The errors
shown are the statistical uncertainties. Entries marked � indicate a negligible background contribution.
The contribution listed as “Other SM” includes Z/�⇤+jets, diboson and Higgs boson production.

4 Conclusions236

The sensitivity to heavy SUSY particles will be increased significantly when the centre-of-mass-energy237

of the LHC reaches a value close to the design of
p

s = 14 TeV. Feasibility studies on benchmark SUSY238

scenarios for chargino neutralino production are carried out with 14 TeV MC samples and by applying239

detector response corrections to generator level particles. An increase of integrated luminosity from240

300 fb�1to 3000 fb�1extends significantly the discovery sensitivity potential for �̃±1 �̃
0
2 production and the241

exclusion sensitivity by about 300 GeV, assuming �̃±1 ! W�̃0
1 and �̃0

2 ! h�̃0
1. Future improvements in242

the understanding of experimental and theoretical systematic uncertainties on the SM background would243

provide additional potential for sensitivity gains at high luminosity on SUSY scenarios reported here and244

beyond.245
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Figure 5: Distributions of the event Emiss
T after all the SRA (left) and SRC (right) selections but for the

cut on Emiss
T itself. The contributions from all SM backgrounds are shown, with the bands representing

the total uncertainty. The distributions of the signal expected for two di↵erent models are also shown:
the solid line corresponds to a signal with a 500 GeV �̃0

2, �̃
±
1 and a 300 GeV �̃0

1 neutralino, while the
dashed line corresponds to a signal with 600 GeV �̃0

2, �̃
±
1 and a massless �̃0

1.

Selection SRA SRB SRC SRD

# of leptons (e, µ) 1
# b-tagged jets 2

mbb [GeV] 105 < mbb < 135
# jets 2 or 3

mCT [GeV] > 200 > 200 > 300 > 300
mT [GeV] > 200 > 250 > 200 > 250

Emiss
T [GeV] > 300 > 350 > 400 > 450

hµi = 60, 300 fb�1 scenario yes yes – –
hµi = 140, 3000 fb�1 scenario – – yes yes

Table 1: Summary of selection requirements for the Wh-mediated signal regions.

SR Training Sample [GeV] BDT range
(m(�̃0

2, �̃
±
1 ),m(�̃0

1))

M1 (300,0) > 0.22
M2 (800,400) > 0.35
M3 (1300,0) > 0.28

Table 2: Signal regions for the MVA analysis. The first column gives the name of each SR. The second
column gives the signal sample used to train the BDT. The third column lists the selection requirements
applied on the BDT output. All signal regions include a preselection cut on Emiss

T > 200 GeV and
105 < mbb < 135 GeV.
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3.2 Expected Sensitivity206

For the analyses discussed in this document, limits are set using ZN : the value of ZN is required to be207

larger than 5 for discovery and larger than 1.64 for 95% confidence level (CL) exclusion 2.208

The same systematic uncertainty of 30% used for SR optimisation is assumed. Theoretical uncer-209

tainties on the SUSY signal are not found to have large e↵ects on the limits for chargino-neutralino210

production. Experimental uncertainties on the SUSY yields have not been considered.211

Tables 3 and 4 show the expected number of events for the SM background and three SUSY scenarios212

respectively for the 300 fb�1 and the 3000 fb�1 signal regions of the cut and count approach. The SM213

background is dominated by tt̄ production in all signal regions, followed by contributions from single214

top and tt̄+V production. SM backgrounds with one mis-identified or non-prompt lepton are completely215

suppressed in this study by the tight signal regions requirements.216

SRA SRB

Expected events 14.9 ± 1.6 5.9 ± 0.9

tt̄ events 12.1 ± 1.6 4.4 ± 0.9
single top events 0.23 ± 0.16 0.14 ± 0.14
tt̄ + V events 2.1 ± 0.4 1.33 ± 0.29
Other SM events 0.42 ± 0.19 –

m(�̃0
2, �̃
±
1 ) = 600 GeV, m(�̃0

1) = 0 GeV events 23.2 ± 0.9 15.8 ± 0.6
m(�̃0

2, �̃
±
1 ) = 500 GeV, m(�̃0

1) = 300 GeV events 2.33 ± 0.32 0.46 ± 0.14
m(�̃0

2, �̃
±
1 ) = 1000 GeV, m(�̃0

1) = 0 GeV events 3.26 ± 0.13 2.79 ± 0.11

Table 3: Expected cut and count signal region yields, for an integrated luminosity of 300 fb�1. The
errors shown are the statistical uncertainties. The contribution listed as “Other SM” includes W+jets,
Z/�⇤+jets, diboson, Higgs boson production.

SRC SRD

Expected events 30 ± 6 15 ± 4

tt̄ events 18 ± 5 11 ± 4
single top events 5.4 ± 2.7 2.7 ± 1.9
tt̄ + V events 3.8 ± 1.5 1.9 ± 1.1
Other SM events 2.8 ± 2.2 –

m(�̃0
2, �̃
±
1 ) = 600 GeV, m(�̃0

1) = 0 GeV events 83.7 ± 3.3 51 ± 4
m(�̃0

2, �̃
±
1 ) = 500 GeV, m(�̃0

1) = 300 GeV events 2.1 ± 0.9 0.8 ± 0.6
m(�̃0

2, �̃
±
1 ) = 1000 GeV, m(�̃0

1) = 0 GeV events 20.0 ± 0.8 16.8 ± 0.7

Table 4: Expected cut and count signal region yields, for an integrated luminosity of 3000 fb�1. The
errors shown are the statistical uncertainties. Entries marked � indicate a negligible background con-
tribution. The contribution listed as “Other SM” includes W+jets, Z/�⇤+jets, diboson and Higgs boson
production.

2A one sided confidence interval is used. Comparing the used prescription with a dedicated 95%CL exclusion test yields
very similar results.
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Figure 5: Distributions of the event Emiss
T after all the SRA (left) and SRC (right) selections but for the

cut on Emiss
T itself. The contributions from all SM backgrounds are shown, with the bands representing

the total uncertainty. The distributions of the signal expected for two di↵erent models are also shown:
the solid line corresponds to a signal with a 500 GeV �̃0

2, �̃
±
1 and a 300 GeV �̃0

1 neutralino, while the
dashed line corresponds to a signal with 600 GeV �̃0

2, �̃
±
1 and a massless �̃0

1.

Selection SRA SRB SRC SRD

# of leptons (e, µ) 1
# b-tagged jets 2

mbb [GeV] 105 < mbb < 135
# jets 2 or 3

mCT [GeV] > 200 > 200 > 300 > 300
mT [GeV] > 200 > 250 > 200 > 250

Emiss
T [GeV] > 300 > 350 > 400 > 450

hµi = 60, 300 fb�1 scenario yes yes – –
hµi = 140, 3000 fb�1 scenario – – yes yes

Table 1: Summary of selection requirements for the Wh-mediated signal regions.

SR Training Sample [GeV] BDT range
(m(�̃0

2, �̃
±
1 ),m(�̃0

1))

M1 (300,0) > 0.22
M2 (800,400) > 0.35
M3 (1300,0) > 0.28

Table 2: Signal regions for the MVA analysis. The first column gives the name of each SR. The second
column gives the signal sample used to train the BDT. The third column lists the selection requirements
applied on the BDT output. All signal regions include a preselection cut on Emiss

T > 200 GeV and
105 < mbb < 135 GeV.
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