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Searches for new physics at (HL-)LHC  

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 2 

}  At the LHC, hundreds of searches for new physics are on-going 
targeting many models proposed in the past thirty years. 
}  Leaving no stones unturned, searching for direct signs of NP or carrying 

out precision measurements which might be an indirect sign of it 

}  In this talk, a number of HL-LHC studies from ATLAS, CMS and 
LHCb are reported as well as prospects for new searches which 
benefit of the larger 14 TeV dataset and of the new detectors   

}  Supersymmetry  
}  Dark Matter and its nature  
}  Long-lived particles and hidden/dark sectors  
}  New heavy resonances  

Continuing benchmark analyses and developing new strategies: A lot on-
going but also a lot to be done! We expect to consolidate and widen the HL-
LHC studies at this workshop with new ideas, exploitation of synergy among 
WGs and experiments  

             more on prospects for HE-LHC in WG3 intro later (R. Torre et al.)  



 Foreword: methodologies 

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 3 

}  Experiments use different approaches to perform analyses: 
}  Method 1 - truth + smearing (ATLAS): truth-level events overlaid with jets (full sim) 

from pileup library, reconstruct particles (electrons, muons, jets, MET) from truth
+overlay and smear their energy and pT using appropriate smearing functions  
}  Cross checked with some of the ‘real’ data analyses  

}  Method 2 - Full analysis with parameterized detector performance (CMS): use 
DELPHES with up-to-date phase-2 detector performance (tracking, vertexing, timing, 
dedicated PUPPI jet algorithms, increased acceptance, performance of new 
detectors)  
}  Analysis steps (cuts) guided by present analysis. Limited optimization for HL-LHC conditions. 

Cross checks with present analysis.  

}  Method 3: projections (mostly CMS and LHCb) 
}  Existing signal and background samples (simulated at 13 TeV) scaled to higher 

luminosity and sqrt(s)=14 TeV. Analysis steps (cuts) from present analyses.  
}  Three scenarios for systematics: (1) keep present systematics (2) Improved by a 

fixed factor (3) no systematics, only statistics  

}  Each approach has pros and cons and results might be very different 
depending on the assumptions (e.g. on systematic uncertainties, detector 
performances, contributions from rare background)  

This and more in dedicated talk (K. Ulmer et al. tomorrow)  
                                                                           



Supersymmetry * 

* Search for ~all of these, produced either directly or in cascades 

 
23rd July 2014 Henning Flaecher - SUSY 2014 Manchester 2 
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A “typical” SUSY Spectrum"
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Use the famous SPS1a benchmark point for illustration!
[m0=100, m12=250, tanβ=10, A0=-100, μ>0] !

Higgs 
sector 

sleptons 

charginos/ 
neutralinos 

gluino/ 
squarks 

LSP 

Advantage:!
!   Only four free 

parameters (when 
sign(μ) fixed) !

!   One of the most 
studied incarnations 
of the MSSM!

!
Disadvantage:!
!  Not generally 

representative of 
SUSY (e.g. fixed 
mass relation  
between Mgluion and 
MLSP) !

m0 ,m1/2 , tanβ,A0 , sign(µ)
CMSSM!Strong production  

(gluinos, squarks) 
 

EWK production 
(charginos, neutralinos, sleptons) 

 
Role of R-parity: impact on 
expected phenomenology  
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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16

 = 13TeVs
CMS Preliminary

-1L = 12.9 fb -1L = 35.9 fb

LSP m⋅+(1-x)Mother m⋅ = xIntermediatem
For decays with intermediate mass,

0 GeV unless stated otherwise  ≈ 
LSP

 Only a selection of available mass limits. Probe *up to* the quoted mass limit for  m
*Observed limits at 95% C.L. - theory uncertainties not included
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.05525q̃, g̃ 1.85 TeV

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2017-0221.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1)<5 GeV 1604.07773608 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV ATLAS-CONF-2017-0222.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2017-0222.01 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)<400 GeV ATLAS-CONF-2017-0301.825 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-11 jets Yes 36.1 m(χ̃

0
1) <400 GeV ATLAS-CONF-2017-0331.8 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.05493g̃ 1.37 TeV

GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃
0
1)>680 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290g̃ 900 GeV

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2017-0211.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV ATLAS-CONF-2017-0211.97 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.0600g̃ 1.37 TeV

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 36.1 m(χ̃

0
1)<420 GeV ATLAS-CONF-2017-038950 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV ATLAS-CONF-2017-030275-700 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2017-020t̃1 90-198 GeV 205-950 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃

0
1)=5 GeV 1604.0777390-323 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃
0
1)=0 GeV ATLAS-CONF-2017-019290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV ATLAS-CONF-2017-019320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 36.1 m(χ̃

0
1)=0 ATLAS-CONF-2017-03990-440 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2017-039710 GeVχ̃±

1

χ̃±
1
χ̃∓

1 /χ̃
0
2, χ̃

+

1→τ̃ν(τν̃), χ̃
0
2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃

0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-035760 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-0391.16 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV
χ̃0

2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086χ̃0

2,3 635 GeV

GGM (wino NLSP) weak prod., χ̃
0
1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV

GGM (bino NLSP) weak prod., χ̃
0
1→γG̃ 2 γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 590 GeV

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2017-017430 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV
Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃

0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 440 GeV

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0

1 1.0 TeV

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.05162χ̃0

1 1.0 TeV

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.2500q̃, g̃ 1.45 TeV
χ̃+

1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086χ̃±

1 450 GeV
g̃g̃, g̃→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 14.8 m(χ̃

0
1)=800 GeV ATLAS-CONF-2016-0571.55 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃

0
1)= 1 TeV, λ112!0 ATLAS-CONF-2017-0132.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323!0 ATLAS-CONF-2017-0131.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084410 GeVt̃1 450-510 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/µ)>20% ATLAS-CONF-2017-0360.4-1.45 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
May 2017

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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}  Can push the reach to much higher masses  
3
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Summary of CMS SUSY Projections with SMS
Preliminary

Probe *up to* the quoted mass

Figure 1: Mass reach of searches for supersymmetry from selected 8 TeV results (masses ex-
cluded at 95% CL) and from projections for 14 TeV running with 300 and 3000 fb�1 (highest
masses for 5s observation). Simplified model spectra (SMS) topologies are used for the inter-
pretations in each case. The processes listed are the direct electroweak production of ec±

1 ec0
2 pairs

decaying into the WZec0
1 ec0

1 and WHec0
1 ec0

1 final states; gluino pair production with eg ! tt̄ec0
1; and

gluino pair production with eg ! qq̄ec0
1.

mass energy of 14 TeV. While the LHC design instantaneous luminosity is 1 ⇥ 1034 cm�2s�1,
the nominal scenario of the high luminosity LHC is to operate at a leveled luminosity of 5 ⇥
1034 cm�2s�1.

The primary goal of the Phase II upgrade program is to maintain the excellent performance
of the Phase I detector under these challenging conditions throughout the extended operation
of the HL-LHC. Performance projections based on a combination of detailed measurements
using the data taken in the experiment throughout the period 2010–2012 and the exposure of
test components to radiation levels matching anticipated HL-LHC show that the tracker and
the endcap calorimeters will suffer significantly from radiation damage after 300–500 fb�1, and
a plan for their major upgrade is being developed.

This upgrade is designed to mitigate performance issues associated with high pileup (PU),
which is most pronounced in the inner and forward detector regions. The tracker granularity
can be increased to maintain the excellent tracking efficiency in order to enable the determina-
tion of the original proton-proton collision points for all charged particles. New endcap calori-
meter configurations will also provide the opportunity to optimize segmentation and improve
energy resolution, particularly for jets.

4 Full-spectrum SUSY models used for benchmark studies
In this section we discuss five benchmark full-spectrum SUSY models that are used for studies
presented in this document. The SUSY particle mass spectra in these models are shown in
Fig. 2 and further details of these models are presented in Appendix A. These five SUSY models
contain production and decay channels that could be discovered with integrated luminosity of
either up to 300 fb�1 or up to 3000 fb�1. The first three models are motivated by naturalness (e.g.
Ref. [7]), and differ by the mass of the sleptons and also by the composition of neutralinos and
charginos, which are mixture of binos, winos, and higgsinos. Depending on the nature of these

ATL-PHYS-PUB-2014-010 

Gain several hundred GeV in discovery 
potential for pair-produced gluinos or 
squarks.  
Even more for chargino and neutralinos 

Available on the CERN CDS information server CMS PAS SUS-14-012

CMS Physics Analysis Summary

Contact: cms-pag-conveners-susy@cern.ch 2015/01/15

Supersymmetry discovery potential in future LHC and
HL-LHC running with the CMS detector

The CMS Collaboration

Abstract

The search for supersymmetry (SUSY) is a major goal of the LHC physics program.
The number of SUSY scenarios is large, and both high luminosity data samples and
the full set of CMS detector capabilities are required to provide sensitivity to the broad
range of signatures, cross sections, and decay branching fractions that can arise. If
evidence for a spectrum of new particles is discovered, an extensive program of mea-
surements will be required to determine its properties. In this document, results are
presented from a set of studies that address key questions related to the anticipated
program of SUSY searches, assuming integrated luminosities from 300 fb�1 (LHC
Run 2+3) to 3000 fb�1 (High Luminosity LHC). Natural SUSY models, which are mo-
tivated by the puzzle of how the low value of the Higgs mass is stabilized (the gauge
hierarchy problem), are one of the most important areas of investigation. Three full-
spectrum natural SUSY scenarios are considered in detail, as well as other scenarios
that lead to challenging experimental signatures, such as compressed mass spectra.
For some studies, simplified model spectra (SMS) are used to study scenarios in which
a small number of SUSY particles dominate the event sample for a particular exper-
imental signature. Using these complementary approaches, results are presented on
the sensitivities of measurements with a varying number of jets, b-tagged jets, and
leptons, and with a variety of different kinematic variables. These studies, together
with results from previous investigations, demonstrate the tremendous potential for
discovering and elucidating SUSY with the CMS detector in future LHC running.

Comprehensive studies carried out since 2012 by ATLAS 
(truth-smearing analyses) and CMS (projections) 

BSM parallel session: 
ATLAS talk: F. Meloni 
CMS talk: G.Zevi della Porta 

Large uncertainties from PDF à improvements expected 
with LHC data and, possibly, new facilities (LHeC)  
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}  Electroweak SUSY: chargino-neutralino 
}  Most challenging: neutralino2 in higgs + LSP  
}  New detectors will improve performances a lot 
}  Results depend on the PU conditions as well as 

on the approach (projections vs analyses vs 
optimal/conservative conditions)  

Direct Production of Chargino        
and Neutralino         decaying to Wh  

18 
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Signature: 
• Chargino to W (leptonic) = clear signature 
• Neutralino to h(bb) = large impact of 

upgraded detector design 
• Large MET 
Main background: W+jets, ttbar, single t, ttV  
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Discriminating variable: transverse 
lepton mass mT 

Discovery reach @ 3/ab: 
850 GeV reference detector  

34 13 Search for the electroweak production of charginos and neutralinos
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Figure 23: Ewkino WH search: Contours for 5s discovery in the SMS plane of mec±
1

= mec0
2

versus
mec0

1
for scenarios of 300 fb�1 with the Phase I detector and 50 pileup interactions, 1000 fb�1

with the aged detector and 140 pileup interactions, and both 1000 fb�1 and 3000 fb�1 with the
Phase II detector and 140 pileup interactions.

and the lepton (e and µ) efficiency and b-tagging efficiency are reduced by 0.84 and 0.67, re-
spectively, and the missing ET resolution is degraded by 40 GeV in the DELPHES simulation for
the Phase II 140 pileup scenario. In addition, the difference with and without the track trigger
at level-1 is investigated by raising the electron pT threshold from 40 to 50 GeV and restricting
muons to |h| < 1.1, as the trigger rate would be too high without these tighter requirements
without using tracks at the level-1 trigger level.

The results are summarized in Fig. 23. Continued operation to accumulate 1000 fb�1 with a
degraded detector extends the discovery reach only marginally beyond the sensitivity with
300 fb�1 of data, while at 1000 fb�1 with the Phase II detector, the discovery reach is extended
substantially. This provides a clear demonstration of how important the detector upgrade can
be.

For models where ec0
2 decays to either Zec0

1 or Hec0
1, it is possible to enhance the discovery sensi-

tivity by combining the WZ + Emiss
T and WH + Emiss

T searches. The results of this combination
are shown in Fig. 24(a) for the branching fraction of B(ec0

2 ! Zec0
1) = B(ec0

2 ! Hec0
1) = 50%,

as well as for B(ec0
2 ! Zec0

1) = 100% and B(ec0
2 ! Hec0

1) = 100%. As shown in Figs. 20(a) and
22(b), the sensitivities from the individual WZ + Emiss

T and WH + Emiss
T searches are reduced

significantly when the branching fraction of the targeted decay channel is 50% instead of 100%.
However, by combing the searches in the two channels, we can extend the discovery sensitivity
up to mec±

1
= mec0

2
= 500 GeV for ec0

1 masses up to 100 GeV with a luminosity of 300 fb�1. With
3000 fb�1, this can be significantly extended up to mec0

2
= mec±

1
= 850 GeV for ec0

1 masses up
to 300 GeV, almost reaching the sensitivity that could be achieved if one channel would be fa-
vored with a branching fraction of 100%. The discovery sensitivity for the natural model NM2
is below 5s if both channels are investigated separately, but a combined analysis will be able to
discover the ec±

1 ec0
2 production in this model, as shown in Fig. 24(b).
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}  Third generation squarks  
}  Target compressed scenarios and use ISR jets 
}  mT2 as discriminating quantity, 2l + 2b + MET 
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1 Introduction

Supersymmetry (SUSY) [1–6] is one of the most studied extensions of the Standard Model (SM). It
predicts new bosonic partners for the existing fermions and fermionic partners for the known bosons. If
R-parity is conserved [7], SUSY particles are produced in pairs and the lightest supersymmetric particle
(LSP) is stable, providing a possible dark matter candidate. To address the SM hierarchy problem [8–11],
TeV-scale masses are required [12, 13] for the supersymmetric partners of the gluons (gluinos, g̃) and the
top quarks (top squarks, t̃) [14, 15]. The SUSY partners of the charged (neutral) Higgs and electroweak
gauge bosons mix to form the mass eigenstates known as charginos, �̃±l , l = 1, 2 (neutralinos, �̃0

m ,
m = 1, . . . , 4) where the increasing index denotes increasing mass. The scalar partners of right-handed
and left-handed quarks, q̃R and q̃L, mix to form two mass eigenstates, q̃1 and q̃2, with q̃1 defined to be the
lighter of the two.

Searches for direct pair production of the lightest top squark mass eigenstate (t̃1) have been performed
by the ATLAS [16–20] and CMS [21–26] collaborations. Searches for t̃1 ! t �̃0

1 have little sensitivity to
scenarios where the lightest stop is only slightly heavier than the sum of the masses of the top quark and
the �̃0

1, due to the similarities in kinematics with SM top quark pair production (tt̄). This family of models
has been directly targeted with the analysis of spin correlations of tt̄ events in dileptonic final states [17],
or with ISR-based selections [20], excluding at 95% CL top squark masses between the top quark mass
and 191 GeV and between 230 GeV and 380 GeV.

This note presents the expected discovery and exclusion reach for top squark pair production in R-
parity conserving SUSY models analysing up to ⇠3000 fb�1 of proton–proton collision data at the High
Luminosity LHC (HL–LHC) with

p
s=14 TeV. The top squark pairs are assumed to decay via t̃1 ! t �̃0

1, as
shown in Figure 1, with both top quarks decaying leptonically. This choice is motivated by the interest in
performing measurements of possible new phenomena exploiting this final state. Models with compressed
mass spectra are targeted, complementing the prospects presented in [27].

t̃

t̃
p

p

�̃0
1

t

�̃0
1

t

Figure 1: Diagram of the t̃1 pair production process with t̃1 ! t �̃0
1 considered in this analysis prospect.

1.1 The LHC and HL–LHC

In the present data-taking period, the LHC will collect ⇠100 fb�1 of proton-proton collisions with an
instantaneous luminosity of ⇠1⇥1034 cm�2s�1 and an average number of collisions per bunch crossing
of hµi ⇠ 25. A second long shutdown (LS2) will follow, during which the injection chain is foreseen
to be modified to allow for instantaneous luminosities up to ⇠2⇥1034 cm�2s�1. The average number of

2

where mT indicates the transverse mass2, pT,1 and pT,2 are the transverse momentum vectors of the
two particles (assumed to be massless), and qT,1 and qT,2 are the unknown transverse momentum
vectors of the invisible particles, with qT = qT,1 + qT,2. The minimisation is performed over all
the possible decompositions of qT. For tt̄ or WW events, where the transverse momenta of the two
leptons in each event are taken as pT,1 and pT,2, and Emiss

T as qT, mT2(`, `, Emiss
T ) is bounded sharply

from above by the mass of the W boson [56, 57], while signal events do not respect this bound
because of the additional Emiss

T coming from the �̃0
1.

The contribution of SM processes including an on-shell Z boson decaying leptonically is reduced by
vetoing events with a same flavour opposite sign lepton pair with 81.2 GeV < m`` < 101.2 GeV.
Furthermore, min{��(jetISR, E

miss
T )} is required to be larger than 0.4, to reject events where the Emiss

T
comes from mis-measured jets.

Events are required to have at least one jet associated to the ISR system and ��(jetISR1, Emiss
T ) > 2, to

ensure to be in the recoiling configuration. Figure 2 shows the expected Emiss
T and leading ISR jet pT

distributions for events passing all the requirements described so far.

The R`` is required to be above 6, to further reduce the SM backgrounds, which peak at lower values.
A final signal region (SR) is defined selecting events with Emiss

T > 350 GeV, a leading ISR jet with
pT > 300 GeV and mT2 > 100 GeV. Figure 3 shows the mT2 distribution for events passing all the SR
requirements except for the one on mT2 itself. The main backgrounds that survive the selections are tt̄
events that exceed the expected mT2 endpoint at the W mass because of the finite detector resolution, and
the irreducible tt̄ + Z (with Z ! ⌫⌫) background. This set of selection requirements has been found
to be close to optimal when considering only the dataset collected up to LS3 (SR300). The sensitivity
expectation in this scenario is expected to be pessimistic, since it has been evaluated using the same
response functions derived for the HL–LHC.

A summary of the analysis selections is also presented in Table 1.

Table 1: Summary of the analysis selection criteria (see text for details).

SR

m`` [GeV] (SF lepton pairs only) 81.2 < m`` < 101.2
min{��(jetISR, E

miss
T )} > 0.4

��(jetISR1, Emiss
T ) > 2

R`` > 6
Emiss

T [GeV] > 350
Leading ISR jet pT [GeV] > 300
mT2 [GeV] > 100

2 The transverse mass is defined as mT =
p

2|pT,1 | |pT,2 |(1 � cos(��)), where �� is the angle between the particles with
transverse momenta pT,1 and pT,2 in the plane perpendicular to the beam axis.
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Figure 2: Distributions of Emiss
T (left) and the leading ISR jet pT (right) for events passing the m`` ,

min{��(jetISR, E
miss
T )} and ��(jetISR1, Emiss

T ) requirements described in Section 4 and with Emiss
T >300 GeV.

The contributions from all SM backgrounds are shown, and the hashed band represents the statistical uncertainty
on the total SM background prediction. The expected distributions for signal models with mt̃1 = 350 GeV and
mt̃1 = 700 GeV are also shown as dashed lines for comparison.
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Figure 3: Distributions of mT2 for events passing all SR selection requirements, except that on mT2 itself. The
contributions from all SM backgrounds are shown, and the hashed band represents the statistical uncertainty on
the total SM background prediction. The expected distributions for signal models with mt̃1 = 350 GeV and
mt̃1 = 700 GeV are also shown as dashed lines for comparison.

5 Expected Sensitivity

Table 2 shows the expected yields in the SR for each background source, together with two benchmark
signal models.
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Direct stop pair production with 
compressed mass spectra  
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Scenario with low stop-neutralino mass difference  
 
Project sensitivity of 2-lepton channel (needs 
luminosity), key to study stop properties (e.g. spin). 
Signature: 2 leptons + 2 b-jets + MET 

Discovery reach  
500GeV@3/ab 

Compressed mass spectra 
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Marco Rimoldi- AEC-LHEP Universität Bern, Bern, Switzerland

The sensitivity to top squark pair production is expected to increase in the High Luminosity Phase of the LHC, in
particular in the compressed mass spectra.

• Two	SUSY	particles:
stop	!"# and	
its	daughter	neutralino $%#&

• Mass	difference
between	the !"#	and	the	 $%#&
is	about	the	mass	of	the	top	quark

m2
T2(~p

l1
T , ~p l2

T , ~pmiss
T ) = min

~p miss1
T +~p miss2

T =~p miss
T

max(m2
T (p

l1
T , ~p miss1

T ),m2
T (p

l2
T , ~p miss2

T ))

Signal	Region	(SR)	optimised for	DISCOVERY with	cut	and	count	approach.
Small mass splitting between stop and neutralino implies that top quarks are produced with very small momentum.
Select event where the stop-stop system recoil of at least one energetic ISR jet to enhance the missing transverse
momentum.
• Stop System: defined by the two OS leptons plus the two leading b-jets in the event.
• ISR	System	composed	by	all	the	other	jets.

The final discriminant variable is the stransverse mass (mT2).
Most of SM Backgrounds bound by the W mass, while signal extend above that.

Signal Region Selection
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Simplified Model

• Two	Isolated	Leptons
(electrons	or	muons)with	opposite	electric	charge.

• Large Missing Momentum (ETmiss).
• Analysis	done	on	simulated	data (3000	fb-1)	using	

a smearing	function	to	mimic	the detector response.

()*+,,

Signature and Detection
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Cut-and-count, optimized for discovery 
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}  Electroweak SUSY: di-stau production 

Direct Production of stau Pairs 

17 

Assume 100% BR to SM tau and LSP. 
Signature: 

• 2 tau jets (hadronically decaying tau) 
• Large MET (from      ) 
Main background: W+jets, ttbar 
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Selection: 2 OS taus, loose jet and Z-veto, MET>280 GeV 
Define signal region (SR) in mT(W1) + mT(W2) 

Precision of bkg 
impacts sensitivity 

Discovery reach  
430-520 GeV @ 3/ab depending on bkg 
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Current LHC results à no exclusion aside for 
one scenario (m_stau = 100 GeV, LSP massless) 
Signature: 
• 2 tau jets (hadronically decaying tau)  
• Large MET 
Main background: W+jets, ttbar  

Define signal region (SR) in mT(τ1) + mT(τ2) 
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}  Searches for SUSY RPC scenarios are also indirect searches for DM (LSP)  
}  Other general (EFT à simplified) models considered 

}  Comprehensive re-assessment of current efforts for HL-LHC not yet done 
[analyses are often systematics limited, experimental sources hard to estimate, 
theoretical uncertainties might be conservative]  

}  Classic jet + MET  

Classical jet + MET  DM Channel 
Suppressed in direct detection. LHC provides complementary sensitivity for AV. 
Full analysis in DELPHES. 
Benchmark among many DM collider searches. 
Interpretation in simplified model following                  
LHC DM forum (arXiv: 1507.00996) with 

 
 
 
Final state: large MET (>200 GeV) (FF) + jet  
Main bkgr: 70% Z(vv)+j  ; 30% W(lv)+j                                                    
Æ data-driven using muons Z(PP), W(Pv)   
 
 
 
Analysis procedure 
Bin MET distribution in 22 exclusive bins.                                                 
At HL-LHC extend to MET > 2.4 TeV                                                     
(now 1.2 TeV). 
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4 parameters (Mmed, mDM, gSM, gDM)  

- 

Spin-1 mediator, axialvector 
gSM = 0.25, gDM = 1 

2D exclusion limit 
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DM 
signal 
example 

Projections - Axialvector Projections - Axialvector 

Systematic scenarios considered:  
(a) Nominal = same level of unc. as now (b) 
reduced by 2 (c) reduced by 4.  
[most relevant uncertainty: knowledge of MET at 
high ET]  

Spin-1 mediator, axialvector 
gSM = 0.25, gDM = 1 

BSM parallel session: 
All experiments talk: A. Magnan 
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}  Searches for SUSY RPC scenarios are also indirect searches for DM (LSP)  
}  Other general (EFT à simplified) models considered 

}  Comprehensive re-assessment of current efforts for HL-LHC not yet done 
[analyses are often systematics limited, experimental sources hard to estimate, 
theoretical uncertainties might be conservative]  

}  Classic jet + MET  

Different systematic scenarios again 
considered 
(a) Nominal = same level of unc. as now (b) 
reduced by 2 (c) pure scaling of lumi  

Spin-0 mediator, pseudoscalar 
gSM =1,gDM =1  

 

Projections - Pseudoscalar
MET+jet DM – Pseudoscalar 
Not accessible to direct detection. Only LHC provides sensitivity.  
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Spin-0 mediator, pseudoscalar  

gSM = 1, gDM = 1 

Systematics scenarios: 

(1) Nominal = scale run-2 systematics 

at low MET which are dominated 

by lepton ID/ISO to HL-LHC 

recommendation, high MET 

dominated by statistics. 

(2) Nominal divided by 2 
(3) Scale run-2 systematics in the full 

MET range by luminosity 
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}  Many more DM scenarios are actively pursued by ATLAS, CMS and LHCb with 
13 TeV data à yet to be fully considered for HL-LHC. Examples:     
}  @ATLAS/CMS: Mono-photon, Mono-W/Z/Higgs; mono-top;   
}  Knowledge of high-MET tails and boosted objects reconstruction very relevant   

mJ = mass of large 
R-jets (bb) 

Higgs: e.g. 
in bb final 
states 
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Figure 8: Distribution of pmiss
T from SM backgrounds and data in the signal region after simul-

taneously fitting in the signal region and all control regions. Each bin shows the event yields
divided by the width of the bin. The stacked histograms show the individual SM background
distributions after the fit is performed. The blue solid line represents the sum of the SM back-
ground contributions normalized to their post-fit yields. The red solid line represents the sum
of the SM background contributions normalized to the theoretical prediction. The gray bands
indicate the post-fit uncertainty in the background, assuming no signal.
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1Introduction

Thereisstrongevidencefortheexistenceofdarkmatterfromastrophysicalobservations[1],
whichto-dateisonlyintheformofgravitationalinference.Thus,directconfirmationofthe
natureofdarkmatterparticleshasremainedelusive.Whilemanysearchesfordarkmatterare
carriedoutbylookingforinteractionsbetweencosmicdarkmatteranddetectors(vianuclear
recoil,forexample)orfortheabundanceofparticlesproducedintheannihilationorthedecay
ofcosmicdarkmatter,theLHCpresentsauniqueopportunitytopossiblyproducedarkmatter
particlesaswellasstudythem.Inthisanalysissummarywedescribeasearchforeventswhere
adarkmattercandidateparticleisproducedinassociationwithatopquark(“monotop”),
whichwasoriginallyproposedin[2].Suchsearcheshavebeenpreviouslycarriedoutbythe
CDFCollaboration[3]attheTevatronandtheCMS[4–6]andATLAS[7]Collaborationsat
theLHC.Thissearchutilizesthe13TeVdatasetaccumulatedin2016,correspondingtoan
integratedluminosityof12.9fb�1.

InthissearchweconsidereventswithahadronicallydecayingWbosonresultingfromtop
quarkdecay.Thisdecaychannelhasthelargestbranchingfractionandisfullyreconstructible.
Weconsidertwointerpretationsofthissignature.Thefirstmodelincludesaflavor-changing
neutralcurrent,whereasingletopquarkisproducedinassociationwithavectorbosonthat
hasflavor-changingcouplingstotopandlightquarksanddecaystodarkmatter.Thesecond
modelcontainsacolored,chargedscalarwhichdecaystoatopquarkandaninvisiblefermion.
ExamplediagramsofmonotopproductionareshowninFigure1.
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Figure1:Exampleofmonotopproductionviaaneutralflavor-changingcurrent(left)anda
heavyscalar(right).

TheeffectiveLagrangian[8]whichdescribesmonotopproductionbyaflavor-changingneutral
current(FCNC)isgivenby[8]:

L=LSM+Lkin+Vµ(gRcc̄RgµcR+gLcc̄LgµcL)+Vµui[(aFC)
ijgµ+(bFC)

ijgµg5]uj+h.c.,(1)

whereLSMisthestandardmodel(SM)Lagrangian,LkinisthekinematicpartoftheLagrangian,
aFC=(aR+aL)/2andbFC=(aR�aL)/2.TheaLandaRparametersdenotethestrengths
oftheinteractionsofthevectorfieldVwiththequarksu;theL,Rsubscriptreferstothe
left/righthandednatureoftheinteraction.Inthissearch,weassumeaFC=bFC=0.25for
flavor-changingtu-couplingsandalsoassumeaflavor-conservingcouplingofthemediator
touquarks(realizedintheaboveequationbysettingi=j)withacouplingconstantthat
hasthesamenumericalvalue(0.25).Thisconventiondiffersfrompreviousmonotopsearches,
whichassumeacouplingof0.1(Ref.[6]).Thechangeinconventionistofacilitatecomparison
withotherdarkmattersearches,whichadheretotherecommendationsfromtheDarkMatter
Forum,giveninRef.[9].
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1 Introduction

There is strong evidence for the existence of dark matter from astrophysical observations [1],
which to-date is only in the form of gravitational inference. Thus, direct confirmation of the
nature of dark matter particles has remained elusive. While many searches for dark matter are
carried out by looking for interactions between cosmic dark matter and detectors (via nuclear
recoil, for example) or for the abundance of particles produced in the annihilation or the decay
of cosmic dark matter, the LHC presents a unique opportunity to possibly produce dark matter
particles as well as study them. In this analysis summary we describe a search for events where
a dark matter candidate particle is produced in association with a top quark (“monotop”),
which was originally proposed in [2]. Such searches have been previously carried out by the
CDF Collaboration [3] at the Tevatron and the CMS [4–6] and ATLAS [7] Collaborations at
the LHC. This search utilizes the 13 TeV dataset accumulated in 2016, corresponding to an
integrated luminosity of 12.9 fb�1.

In this search we consider events with a hadronically decaying W boson resulting from top
quark decay. This decay channel has the largest branching fraction and is fully reconstructible.
We consider two interpretations of this signature. The first model includes a flavor-changing
neutral current, where a single top quark is produced in association with a vector boson that
has flavor-changing couplings to top and light quarks and decays to dark matter. The second
model contains a colored, charged scalar which decays to a top quark and an invisible fermion.
Example diagrams of monotop production are shown in Figure 1.
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Figure 1: Example of monotop production via a neutral flavor-changing current (left) and a
heavy scalar (right).

The effective Lagrangian [8] which describes monotop production by a flavor-changing neutral
current (FCNC) is given by [8]:

L = LSM + Lkin + Vµ(gRc c̄RgµcR + gLc c̄LgµcL) + Vµui[(aFC)
ijgµ + (bFC)

ijgµg5]uj + h.c., (1)

where LSM is the standard model (SM) Lagrangian, Lkin is the kinematic part of the Lagrangian,
aFC = (aR + aL)/2 and bFC = (aR � aL)/2. The aL and aR parameters denote the strengths
of the interactions of the vector field V with the quarks u; the L, R subscript refers to the
left/right handed nature of the interaction. In this search, we assume aFC = bFC = 0.25 for
flavor-changing tu-couplings and also assume a flavor-conserving coupling of the mediator
to u quarks (realized in the above equation by setting i = j) with a coupling constant that
has the same numerical value (0.25). This convention differs from previous monotop searches,
which assume a coupling of 0.1 (Ref. [6]). The change in convention is to facilitate comparison
with other dark matter searches, which adhere to the recommendations from the Dark Matter
Forum, given in Ref. [9].
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1 Introduction

The discovery of a particle consistent with the Standard Model (SM) Higgs boson in 2012 by the AT-
LAS [1] and CMS [2] collaborations has opened up new possibilities in searches for physics beyond the
SM (BSM). Although strong astrophysical evidence [3, 4] implies the existence of dark matter (DM),
there is no evidence yet for non-gravitational interactions between DM and SM particles. The interaction
probability of DM particles, which are produced in SM particle collisions, with a detector is expected to
be tiny. Thus, many searches for DM at the Large Hadron Collider (LHC) involve missing transverse mo-
mentum (Emiss

T ) produced in association with detectable particles (X+Emiss
T final states). In other X+Emiss

T
searches in proton–proton (pp) collisions, X may represent a jet or a �/W/Z boson, which can be emitted
directly from a light quark as initial-state radiation through the usual SM gauge interactions. However,
SM Higgs boson radiation from initial-state partons is highly suppressed, so events with a final state
compatible with the production of a SM Higgs boson in association with Emiss

T can be sensitive probes
of the structure of the BSM physics responsible for producing DM. Therefore, the SM Higgs boson is
expected to be produced from a new interaction between DM and the SM particles [5]. Both the ATLAS
and CMS collaborations have previously searched for such topologies using 20.3 fb�1 of pp collision data
at
p

s = 8 TeV [6, 7], and 2.3–36.1 fb�1 of pp collision data at
p

s = 13 TeV [8–10], considering the SM
Higgs boson decay into a pair of photons or b-quarks in events with missing transverse momentum. This
paper presents an updated search for DM particles (�) associated with the SM Higgs boson (h) decay to
a pair of photons using 36.1 fb�1 of pp collision data collected at

p
s = 13 TeV during 2015 and 2016,

where both the integrated luminosity and the center-of-mass energy are significantly higher than in the
previously published ATLAS analysis [6].
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Figure 1: The Feynman diagrams for the production of DM (�) in association with a SM Higgs boson (h) arising
from three theoretical models considered in this paper: (a) Z0B model, (b) Z0-2HDM model, (c) heavy-scalar model.

Three benchmark models are considered in this analysis. The leading-order (LO) Feynman diagrams
representing the production of h plus Emiss

T in two simplified models [11] are shown in Figures 1(a)
and 1(b). In the first model, a massive vector mediator Z0 emits a Higgs boson and subsequently decays
to a pair of Dirac fermionic DM candidates. A vector-boson mediator arises in many BSM theories
through a minimal extension to the gauge sector of the SM. In scenarios where the DM couples to the SM
only via the Z0 boson (i.e., the Z0B model [5] represented in Figure 1(a)), the associated U0(1) symmetry
ensures the stability of the DM particle. The baryon number B is associated with the gauge symmetry of
U(1)B, and an additional scalar particle (referred to as a baryonic Higgs boson) is introduced to break this
symmetry spontaneously and generate the Z0 boson mass (denoted by mZ0B). The second model (from a Z0-
two-Higgs doublet model (Z0-2HDM) [12], Figure 1(b)) involves the Z0 boson decaying to the SM Higgs
boson and an intermediate heavy-pseudoscalar boson A0, which then decays to a pair of Dirac fermionic
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1 Introduction

The discovery of a particle consistent with the Standard Model (SM) Higgs boson in 2012 by the AT-
LAS [1] and CMS [2] collaborations has opened up new possibilities in searches for physics beyond the
SM (BSM). Although strong astrophysical evidence [3, 4] implies the existence of dark matter (DM),
there is no evidence yet for non-gravitational interactions between DM and SM particles. The interaction
probability of DM particles, which are produced in SM particle collisions, with a detector is expected to
be tiny. Thus, many searches for DM at the Large Hadron Collider (LHC) involve missing transverse mo-
mentum (Emiss

T ) produced in association with detectable particles (X+Emiss
T final states). In other X+Emiss

T
searches in proton–proton (pp) collisions, X may represent a jet or a �/W/Z boson, which can be emitted
directly from a light quark as initial-state radiation through the usual SM gauge interactions. However,
SM Higgs boson radiation from initial-state partons is highly suppressed, so events with a final state
compatible with the production of a SM Higgs boson in association with Emiss

T can be sensitive probes
of the structure of the BSM physics responsible for producing DM. Therefore, the SM Higgs boson is
expected to be produced from a new interaction between DM and the SM particles [5]. Both the ATLAS
and CMS collaborations have previously searched for such topologies using 20.3 fb�1 of pp collision data
at
p

s = 8 TeV [6, 7], and 2.3–36.1 fb�1 of pp collision data at
p

s = 13 TeV [8–10], considering the SM
Higgs boson decay into a pair of photons or b-quarks in events with missing transverse momentum. This
paper presents an updated search for DM particles (�) associated with the SM Higgs boson (h) decay to
a pair of photons using 36.1 fb�1 of pp collision data collected at

p
s = 13 TeV during 2015 and 2016,

where both the integrated luminosity and the center-of-mass energy are significantly higher than in the
previously published ATLAS analysis [6].
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Figure 1: The Feynman diagrams for the production of DM (�) in association with a SM Higgs boson (h) arising
from three theoretical models considered in this paper: (a) Z0B model, (b) Z0-2HDM model, (c) heavy-scalar model.

Three benchmark models are considered in this analysis. The leading-order (LO) Feynman diagrams
representing the production of h plus Emiss

T in two simplified models [11] are shown in Figures 1(a)
and 1(b). In the first model, a massive vector mediator Z0 emits a Higgs boson and subsequently decays
to a pair of Dirac fermionic DM candidates. A vector-boson mediator arises in many BSM theories
through a minimal extension to the gauge sector of the SM. In scenarios where the DM couples to the SM
only via the Z0 boson (i.e., the Z0B model [5] represented in Figure 1(a)), the associated U0(1) symmetry
ensures the stability of the DM particle. The baryon number B is associated with the gauge symmetry of
U(1)B, and an additional scalar particle (referred to as a baryonic Higgs boson) is introduced to break this
symmetry spontaneously and generate the Z0 boson mass (denoted by mZ0B). The second model (from a Z0-
two-Higgs doublet model (Z0-2HDM) [12], Figure 1(b)) involves the Z0 boson decaying to the SM Higgs
boson and an intermediate heavy-pseudoscalar boson A0, which then decays to a pair of Dirac fermionic
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}  Many more DM scenarios are actively pursued by ATLAS, CMS and LHCb with 
13 TeV data à yet to be fully considered for HL-LHC. Examples:     

}  DM + bb: b-jets might be forward (|η|>2.4),  
analysis could benefit from extended tracking 

[in progress @ATLAS/CMS]  
 
}  DM +ttbar: several studies on-going (more in Uli’s talk in parallel session) 

}  @ATLAS/CMS: Exploit angular correlations of leptons from top decays (2l+2b+MET 
signatures)  

}  Clear improvements with larger HL-LHC dataset  
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Figure 9. Value of the signal strength that can be excluded at 95% CL as a function of the mass
for scalar (left) and pseudoscalar (right) mediators. The reach with 300 fb

�1 of
p

s = 14 TeV data
is given for a simple counting experiment assuming a 20% systematic background uncertainty (red
curves) and for 5-bin shape fits with both 30% (yellow curves) and 20% (green curves) errors.
A hypothetical shape-fit scenario based on 3 ab

�1 and 20% systematics is also shown (blue curves).

during LHC Run I. As expected from the shapes of the distributions in Figures 7 and 8,
the 5-bin likelihood fit provides a significant improvement over the counting experiment for
high-mass mediators irrespectively of their CP nature. The gain in sensitivity at lower mass
depends strongly on the assumption on the systematic uncertainty of the SM background.
For instance assuming a 20% systematics on the counting experiment and a 30% background
error on the shape fit, we find that the shape analysis will have larger discriminating power
than the simple cut-and-count strategy for M� & 300 GeV and Ma & 100 GeV with 300 fb

�1

of integrated luminosity. If the background for the shape fit can instead be estimated with
an error of 20%, including shape information is expected to be the superior strategy over
almost the entire range of considered masses. In fact, at the LHC with 3 ab

�1 of data
it should be possible to exclude spin-0 models that predict µ = 1 for mediator masses
up to around 400 GeV using the 5-bin likelihood fit employed in our study. The observed
strong dependence of the reach on the assumption on the systematic background uncertainty
shows that a good experimental understanding of t

¯

tZ production within the SM will be a
key ingredient to a possible discovery of DM in the t

¯

t + E

miss
T channel.

We also perform a hypothesis test between the scalar and pseudoscalar mediator hy-
potheses as a function of the mediator mass. Figure 10 shows the value of µ for which
the scalar hypothesis can be excluded at 95% CL in favour of the pseudoscalar one (blue
curve) and vice versa (red curve). Our statistical analysis is based on a 5-bin shape fit
of the |cos ✓``| distributions and employs standard maximum likelihood estimator tech-
niques (see for instance [64]) that are implemented in the RooFit/RooStat package [65].
From the figure it is evident that based on 300 fb

�1 of
p

s = 14TeV data and under the
assumption that the SM backgrounds can be determined with an uncertainty of 20%, it
should be possible to distinguish between the two CP hypotheses for masses M . 200 GeV
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Figure 8. Distribution of the |cos ✓``| variable after employing the full selection requirements as
specified in Section 5. The normalisation corresponds to the numbers of events expected for 100 fb

�1

at
p

s = 14TeV. The error bars indicate the errors on the generated MC statistics.

Our sensitivity study is performed in two ways. First by performing a simple counting
experiment and second by including shape information in the form of a 5-bin likelihood fit
to the |cos ✓``| distributions. The inclusion of shape information is motivated by the obser-
vation that the distributions of events as a function of the pseudorapidity difference of the
dilepton pair is different for signal and background. This feature is illustrated in Figure 8
which compares the predictions for a scalar (blue curve) and pseudoscalar (red curve) as-
suming M = 100GeV, m� = 1GeV and g� = gt = 1 with the SM background (black curve).

Given the presence of a sizeable irreducible background surviving all the selections,
the experimental sensitivity will be largely determined by the systematic uncertainty on
the estimate of the SM backgrounds. Such an error has two main sources: on the one
hand, uncertainties on the parameters of the detector performance such as the energy
scale for hadronic jets and the identification efficiency for leptons, and on the other hand,
uncertainties plaguing the MC modelling of SM processes. Depending on the process and on
the kinematic selection, the total uncertainty can vary between a few percent and a few tens
of percent. The present analysis does not select extreme kinematic configurations for the
dominant t

¯

tZ background, and it therefore should be possible to control the experimental
systematics at the 10% to 30% level. In the following, we will assume a systematic error
of 20% on the backgrounds in the case of the counting experiment. In the case of the 5-bin
shape fits we will consider background uncertainties of both 30% and 20%, fully correlated
across the bins. We have checked that in the absence of an external measurement (e.g. a
background control region) which profiles uncertainties, the use of correlated uncertainties
in the shape fit provides the most conservative results.

The results of our sensitivity study are displayed in Figure 9. Notice that the results
shown for 3 ab

�1 rely on the assumption that the E

miss
T measurement performance in the

very harsh experimental conditions of the HL-LHC will be equivalent to the one achieved

– 15 –

arXiV:1611.09841v2 



Dark Matter: more to be explored! 

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 13 

}  Many more DM scenarios are actively pursued by ATLAS, CMS and LHCb with 13 
TeV data à yet to be fully considered for HL-LHC. Examples:  
}  Axion-like Dark Matter  
@LHCb: Axion-top couplings constrained 
measurements of di-muon spectrum     

 

}  The dark sector: Higgs-portals 

@LHCb Severe constraints already! 
Search for long-lived scalar particles

in B+ ! K+�(µ+µ�) decays
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Figure 5: Parameter space of the inflaton model described in Refs. [2–4]. The region excluded at
95% CL by this analysis is shown by the blue hatched area. The region excluded by the search
with the B0 ! K⇤0�(µ+µ�) decay [8] is indicated by the red hatched area. Direct experimental
constraints set by the CHARM experiment [7] and regions forbidden by theory or cosmological
constraints [4] are also shown.

⌧(�) = 10 ps. For longer lifetimes the limit becomes weaker as the probability for the �
to decay within the vertex detector decreases. Nevertheless, the present analysis improves
previous limits by up to a factor of 20 in the region of long lifetimes ⌧(�) ⇠ 1000 ps.

Figure 5 shows the excluded region at 95% CL of the parameter space of the inflaton
model presented in Refs. [2–4]. Constraints are placed on the square of the mixing angle,
✓2, which appears in the inflaton e↵ective coupling to the SM fields via mixing with the
Higgs boson. The inflaton lifetime is predicted to scale as ⌧ / 1/✓2. The B+ ! K+�
branching fraction is taken from Ref. [2]. It is predicted to be between 10�4 and 10�8

in the explored region and scales as B(B+ ! K+�) / ✓2, while the inflaton branching

5

Constraints in parameter space of the 
inflation models: mixing angle vs mass 
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Figure 5: Exclusion regions at 95% CL: (left) constraints on the axion model of Ref. [20]; (right)
constraints on the inflaton model of Ref. [46]. The regions excluded by the theory [46] and by
the CHARM experiment [47] are also shown.

and inflaton fields, ✓, which exclude most of the previously allowed region.197

In summary, a search for the decay B0! K⇤0�, where � is a hidden-sector boson, is198

reported using 3.0 fb�1 of pp-collision data collected with the LHCb detector. No evidence199

for a signal is observed, and upper limits are placed on B(B0! K⇤0�)⇥ B(�! µ+µ�).200
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by a b! s transition at leading order. Stringent constraints are placed on theories that202

predict the existence of additional scalar or axial-vector fields.203
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the sensitivity of this search. Constraints are placed on the mixing angle between the
Higgs and inflaton fields, ✓, which exclude most of the previously allowed region.

In summary, no evidence for a signal is observed, and upper limits are placed on
B(B0! K⇤0�)⇥ B(�! µ+µ�). This is the first dedicated search over a large mass range
for a hidden-sector boson in a decay mediated by a b! s transition at leading order, and
the most sensitive search to date over the entire accessible mass range. Stringent constraints
are placed on theories that predict the existence of additional scalar or axial-vector fields.
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axion portal

PeV 
scale!

Constraints in the axion portal reach the 
PeV scale on the axion decay constant in 
2HDMs.[Freytsis,Ligeti,Thaler, 0911.5355]

Strongest constraints on a scalar with 
2m(μ)<m<2m(!) mixing with the Higgs. 
Nearly rules out the Inflaton parameter 
space below 2m(!) in these models.
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⌧(�) = 10 ps. For longer lifetimes the limit becomes weaker as the probability for the �
to decay within the vertex detector decreases. Nevertheless, the present analysis improves
previous limits by up to a factor of 20 in the region of long lifetimes ⌧(�) ⇠ 1000 ps.

Figure 5 shows the excluded region at 95% CL of the parameter space of the inflaton
model presented in Refs. [2–4]. Constraints are placed on the square of the mixing angle,
✓2, which appears in the inflaton e↵ective coupling to the SM fields via mixing with the
Higgs boson. The inflaton lifetime is predicted to scale as ⌧ / 1/✓2. The B+ ! K+�
branching fraction is taken from Ref. [2]. It is predicted to be between 10�4 and 10�8

in the explored region and scales as B(B+ ! K+�) / ✓2, while the inflaton branching
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Bezrukov, Gorbunov [0912.0390,1303.4395]

How can we do better? Inclusive 
searches, also use hadrons, downstream 
tracks, more LUMI, etc. 

N.b., all such searches eventually run into 
the curse of longevity, unless open non-
SM decay modes exist, or their production 
and decay couple to the SM in different 
ways.

Model dependent limits – axion-vector portal 

Model dependent limits – scalar portal mixing with SM-higgs 
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Dark Matter: more to be explored! 

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 14 

}  Many more DM scenarios are actively pursued by ATLAS, CMS and LHCb with 13 
TeV data à yet to be fully considered for HL-LHC. Examples:  
}  Axion-like Dark Matter  
@LHCb: Axion-top couplings constrained  
measurements of di-muon spectrum     

 

}  The dark sector: Higgs-portals 

}  with exotic decays 
}  Projections promising ! 
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the sensitivity of this search. Constraints are placed on the mixing angle between the
Higgs and inflaton fields, ✓, which exclude most of the previously allowed region.

In summary, no evidence for a signal is observed, and upper limits are placed on
B(B0! K⇤0�)⇥ B(�! µ+µ�). This is the first dedicated search over a large mass range
for a hidden-sector boson in a decay mediated by a b! s transition at leading order, and
the most sensitive search to date over the entire accessible mass range. Stringent constraints
are placed on theories that predict the existence of additional scalar or axial-vector fields.
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⌧(�) = 10 ps. For longer lifetimes the limit becomes weaker as the probability for the �
to decay within the vertex detector decreases. Nevertheless, the present analysis improves
previous limits by up to a factor of 20 in the region of long lifetimes ⌧(�) ⇠ 1000 ps.

Figure 5 shows the excluded region at 95% CL of the parameter space of the inflaton
model presented in Refs. [2–4]. Constraints are placed on the square of the mixing angle,
✓2, which appears in the inflaton e↵ective coupling to the SM fields via mixing with the
Higgs boson. The inflaton lifetime is predicted to scale as ⌧ / 1/✓2. The B+ ! K+�
branching fraction is taken from Ref. [2]. It is predicted to be between 10�4 and 10�8

in the explored region and scales as B(B+ ! K+�) / ✓2, while the inflaton branching
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Batell, Pospelov, Ritz [0911.4939];
Bezrukov, Gorbunov [0912.0390,1303.4395]

How can we do better? Inclusive 
searches, also use hadrons, downstream 
tracks, more LUMI, etc. 

N.b., all such searches eventually run into 
the curse of longevity, unless open non-
SM decay modes exist, or their production 
and decay couple to the SM in different 
ways.

Will hear more on CODEX-b etc on 
dedicated talk (D. Curtin) Significant 

extension of 
LHCb coverage 

Model dependent limits – axion-vector portal 

PRL 115(2015)161802 

arXiv:1708.09395 

BSM parallel session: 
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Dark photons 

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 15 

}  Dedicated worldwide effort to search for dark photons  
}  E.g., can exploit the A’àµµ mode: at LHCb – impressive prospects:   

}  curves assume Run 3 performance with more luminosity [triggerless detector readout in 
Run 3 will have a huge impact on low-mass BSM searches, including dark photons]  

}  Magnet chambers would help with soft A’ decays to e+e- (efficiency and/or resolution). 
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on the analysis in dedicated talk 
 
Exclusive charm decay mode  
D*0 à D0A’(ee) suitable for low-
mass DP (2me-142 MeV) 

BSM parallel session: 
LHCb and more - M. Borsato 
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Long-lived particles  

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 16 

}  Particles decaying non-promptly are one of the major 
targets of HL-LHC experiments   

}  Great discovery potential: many NP models predict LLPs  
}  small couplings: RPV decays, dark sector coupling  
}  small mass-splittings: degenerate next-LSP  
}  heavy messengers, split SUSY, hidden valley      Special Signatures from LLP 

21 

Issues and opportunities with LLP signatures: 

• Non-standard objects, custom trigger/reconstruction/simulation 

• Need to maintain dedicated detector capabilities 

Potential gains from HL-LHC from high luminosity, track-trigger, fast timing, 

better directionality. 

 

Variety of dedicated techniques to 
cover whole range of lifetimes (cW) 

Synergy among ATLAS, CMS 
and LHCb experiments 
•  Target complementary 

lifetimes and mass ranges 
•  Use different ‘signatures’ 

A few examples here, more  
in dedicated talks 

BSM parallel session: 
ATLAS talk: S. Pagan Riso 
CMS talk: J. Alimena;  LHCb talk: C.  Sierra 



Displaced muons   

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 17 

}  Examples already shown for LHCb 
}  New studies from CMS on SUSY:  

}  Smuons  

Displaced	Muons

Experimental challenge:  
à  trigger displaced signatures 
à  Vertex constrains reduce efficiency  
à  Dedicated algorithms needed for displaced 

muons to recover efficiency Quite an improvement in sensitivity! 

Displaced Muons from LLP  
Long-lived neutral particle (X) decays after 
some cW to displaced leptons or jets. 
Example signature: displaced muons 
(possibly collimated)    

22 

Experimental challenge: 
trigger such displaced 
signatures (note: phase-II 
track triggers with vertex 
constraint).  

ATLAS EXOT 

Possible models: dark photons, inelastic 
thermal-relic DM, etc. 

Ref = TP and GE1/1 TDR 

See also talk by Alexei Safonov on 
CMS muon performance & trigger 

Mu-only, no vtx 
constraint 
Phase-II track 
trigger Tr
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 CMS TDR (NEW) 



Displaced jets  

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 18 

}  Great potential à relevant for neutral LLPs decaying within the 
hadronic calorimeter:    
}  Jets have several properties that are uncommon in jets originating 

at the interaction point.  
}  New studies using ATLAS Tile-calorimeter information 

}  Use dedicated triggers, test a simple hidden-sector model with 
neutral particle φ weakly coupled to SM particles    

fraction of total 
jet energy at the 
EM-scale 
deposited by the 
LLPs produced 

 ATLAS TDR (NEW) 
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Figure 2: Dijet invariant mass distribution in the di�erent Rxy bins, for the 2012 data sample.
For illustration, the best fit with a signal fi

v

model with mass 35 GeV/c2 and lifetime 10 ps is
overlaid. The solid blue line indicates the total background model, the short-dashed green line
indicates the signal model for signal strength µ = 1, and the long-dashed red line indicates the
best-fit signal strength.

10

� �� �� �� ��
'LMHW PDVV >*H9�F�@

��í�
�

��
���
���
���

&
DQ
GL
GD
WH
V�

��
*
H9
�F
� �

��� � R[\ � ���PP
V  �7H9

/+&E

� �� �� �� ��
'LMHW PDVV >*H9�F�@

��í�
�

��
���
���
���

&
DQ
GL
GD
WH
V�

��
*
H9
�F
� �

��� � R[\ � ���PP
V  �7H9

/+&E

� �� �� �� ��
'LMHW PDVV >*H9�F�@

��í�
�

��
���
���
���

&
DQ
GL
GD
WH
V�

��
*
H9
�F
� �

��� � R[\ � ���PP
V  �7H9

/+&E

� �� �� �� ��
'LMHW PDVV >*H9�F�@

��í�
�

��
���
���
���

&
DQ
GL
GD
WH
V�

��
*
H9
�F
� �

��� � R[\ � ���PP
V  �7H9

/+&E

� �� �� �� ��
'LMHW PDVV >*H9�F�@

��í�
�

��
���
���
���

&
DQ
GL
GD
WH
V�

��
*
H9
�F
� �

��� � R[\ � ���PP
V  �7H9

/+&E

� �� �� �� ��
'LMHW PDVV >*H9�F�@

��í�
�

��
���
���
���

&
DQ
GL
GD
WH
V�

��
*
H9
�F
� �

���PP � R[\

V  �7H9

/+&E

Figure 2: Dijet invariant mass distribution in the di�erent Rxy bins, for the 2012 data sample.
For illustration, the best fit with a signal fi

v

model with mass 35 GeV/c2 and lifetime 10 ps is
overlaid. The solid blue line indicates the total background model, the short-dashed green line
indicates the signal model for signal strength µ = 1, and the long-dashed red line indicates the
best-fit signal strength.
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LLP → jet jet
๏ Signature: single displaced 

vertex with two (b-) jets 
(previously searched double)

๏ Model: hidden-valley dark pions 
from SM Higgs decay 

๏ Using 2 /fb of 7 and 8 TeV pp data

๏ Triggering on displaced vertex

๏ Quality requirement on jets, di-jet 
pointing, material veto

๏ Signal from di-jet mass fit in bins 
of beam-axis displacement Rxy
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Hidden	Valley	v-pions	decaying	to	jet	pairs	at	LHCb	

•  model:	Higgs	decay	to	two	LLPs	each	decaying	to	two	fermions	

•  LHCb	signature:	single	displaced	
vertex	with	two	associated	jets	
(LHCb	acceptance	for	all	4	jets	is	
small,	only	few	%)	

LHCb-PAPER-2016-065	

•  analysis	strategy	
•  trigger	on	displaced	vertex	
•  find	two	associated	jets	
•  extract	signal	from	fit	to		

di-jet	mass	in	bins	of	
distance	to	beam	axis	(Rxy)	
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LHCb,	2.0/t,	7,8	TeV	
preliminary	

LHCb acceptance for  
all 4 jets is only few %

LHCb-PAPER-2016-065 arXiv:1705.07332  

QCD

%V (35 GeV, 10 ps) 
best fit, BR=1

QCD

%V (35 GeV, 10 ps) 
best fit, BR=1

EUR. PHYS. J. C (2016) 76: 664

LLP à dijets: complementarities  

30/10/2017 Monica D'Onofrio, HL/HE-LHC Workshop 19 

}  Aim to exploit at best the complementarities among detectors 
}  LHCb sensitive to lighter mass and low t wrt ATLAS and CMS 

}  E.g. hidden valley dark pions from Higgs   

Martino Borsato - USC

LLP → jet jet
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Figure 4: Observed upper limit versus lifetime for di�erent fi
v

masses and decay modes.
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BR > 50%

LHCb

3

heavier range of the intermediate ⇡v masses, for branch-
ing fractions as low as 5 percent in the 1 mm - 1 m proper
lifetime regime. The reason for the somewhat increased
sensitivity is that the CMS study takes advantage of a
dedicated displaced trigger which allows for lower jet pT
trigger thresholds by requiring two jets with pT > 60
GeV to have displaced tracks with transverse impact pa-
rameter (IP) larger than 0.5 mm. The trigger is seeded
by the level one requirement of scalar transverse energy,
HT > 300 GeV. However, this large HT requirement
of the trigger preferentially selects events containing a
boosted Higgs or large initial state radiation (ISR), which
also results in boosted ⇡v’s, merging their decay products
into a single jet. For these reasons, this search, which re-
quires two jets associated to a DV, is not very efficient
for the signal we consider. Furthermore, the vertex re-
quirement, mDV > 4 GeV, and the background discrimi-
nant which prefers a large DV track multiplicity, decrease
the efficiency for signals with light ⇡v. Nevertheless, we
still find that the search places bounds on signals with
m⇡v & 40 GeV for lifetimes complementary to those ob-
tained from the ATLAS searches. Our resulting bounds
on the Higgs branching fractions as a function of the ⇡v

lifetime obtained from our recast of the CMS dijet search
(together with the previous ATLAS bounds) are pre-
sented in Fig. 2. We find limits for heavy ⇡v and shorter
lifetimes, ranging from 1� 1000 mm, that are somewhat
weaker than the corresponding ATLAS bounds for longer
lifetimes, while signals with m⇡v . 40 GeV remain un-
constrained for lifetimes below 100 mm. We emphasize
that these constraints do not apply for signals which only
produce a single DV per event. For the case where one of
the hidden particles is stable, the CMS dijet search does
not have sensitivity since the events fail to pass the large
HT requirement.

SEARCH STRATEGIES AND PROJECTED
SENSITIVITY FOR RUN II

In this section we propose new search strategies for
detecting displaced Higgs decays within the ATLAS or
CMS inner detector, noting that lifetimes corresponding
to the decay lengths considered here are mostly uncon-
strained. For longer decay lengths, a search for decays in
the muon spectrometer would be more sensitive and the
strategies considered here could be slightly altered and
applied in order to achieve sensitivity to events with a
single displaced decay.

There are major difficulties in detecting the signal
under consideration due to the relatively light mass of
the Higgs boson and of the hidden sector particles. To
make matters worse, the dominant production mecha-
nisms (ggF followed by VBF) tend to produce the Higgs
boson close to rest. Therefore, a search with sensitivity
to such a signal must either use a trigger with low pT re-

FIG. 2. 95% CL exclusion curves for Run I of the LHC. The
ATLAS constraints are reproduced from the searches for long
lived particles decaying in the muon spectrometer [18] (solid)
and the hadronic calorimeter [19] (dotted). The CMS recast
exlcusion curves are derived from the search displaced dijet
in the inner tracker [20] (dashed).

quirements, possibly by taking advantage of a dedicated
displaced trigger, or be restricted to boosted Higgs kine-
matics and pay the price of a relatively small production
rate. Furthermore, DV searches, looking for single decays
in the tracker, typically impose strict vertex requirements
designed to cut out background events. However, signals
with light intermediate particles often do not pass these
requirements and cannot be detected by a generic DV
search. For these reasons, model-specific searches are
required in order to detect such signals. Specifically, a
successful search strategy should be designed with weak
vertex requirements in order to enhance the number of
expected signal events while retaining as low background
as possible by imposing other event selection criteria.

An important point regarding the expected LHC phe-
nomenology of Twin Higgs models is that the ⇡v particles
decay to the SM via a Higgs portal with final states which
are expected to often be bb̄. This has a few important
consequences. First, one can search for decay products of
the bb̄ in conjunction with a DV, for example a muon or a
dijet. It has been shown that requiring a muon within a
cone of a displaced jet significantly reduces the displaced
jet background [27, 28]. Requiring a displaced dijet as-
sociated to a DV was used as a background discriminant
in the CMS displaced dijet search [20]. Furthermore, de-
pending on m⇡v , the displaced dijet can become merged
into a single jet with many displaced tracks, resulting in
an “emerging jet” signature [29]. The merged jets typi-
cally exhibit a 2-prong substructure which can be used
to reconstruct the displaced dijet, thus extending the dis-
placed dijet search strategy to scenarios with light hidden
sector particles. Some percent of events may contain two
displaced vertices. This has been taken advantage of in
searches performed by ATLAS [18, 19]. These signatures,

BR > 50%

Recast from ArXiv:1508.01522
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CMS 18.5 fb�1 at 8 TeV
LHCb 2.0 fb�1 at 7-8 TeV
ATLAS 20.3 fb�1 at 8 TeV

Competitive limit with ATLAS/CMS  
despite factor 10 less luminosity!

Bright future at upgraded LHCb! 
expected benefit from online  
identification of displaced diets

Regions where  
BR > 50% excluded

LHCb-PAPER-2016-065 arXiv:1705.07332  

Similar complementarities 
expected at HL-LHC 

[courtesy M. Borsato] 



Heavy Stable charged particles  
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}  Dedicated studies showed the need to keep 
good dE/dx capabilities  

}  New 200 PU studies:  
}  consider stau and gluinos models 
}  pT>55 GeV tracks, show also N of high threshold 

clusters with HI particle    

Additional CMS studies on 
performance for Heavy 
stable charged particle via 
muon system also available 
(more in dedicated talk) 

Impact of Detector Capabilities 
Impact of dE/dx  readout  in CMS tracker 
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dE/dx information used in searches for 
heavy stable charged particles (HSCP), 
fractionally/multiple charged particles. 
But also to identify  noise and 
background in „standard analyses“. 

End of phase-I 

Without dE/dx no 
improvement in 
phase-II 

Physics studied demonstrated the 

need to keep dE/dx  capability. 

 CMS TDR (NEW) 



 
 

back from ‘exotics’ to classic 
New resonances 

Where high luminosity and high center of mass energy 
help the most 
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•  Sensitive to many BSM scenarios  
Heavy higgses (A/H) – as seen already, Extra-dimensions, new gauge 
bosons…  

•  Consider all relevant combinations of final state objects – work in 
progress but some interesting results already available 

More on heavy higgs in two dedicated parallel session talks  



New from ATLAS: Z’àee  
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}  LAr calorimeter has a direct impact on the dielectron invariant mass 
resolution  

}  Consider Sequential SM Z’ as benchmark  
}  2 electrons with pT>25 GeV 

}  Results: exclusion up to to 6.4 TeV, discovery reach ~ 5.9 TeV à more than 2 TeV 
better than current results! 

}  Constraints are about 200 GeV more stringent than for muons, thanks to 
the resolution for high pT electron  
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BSM-Higgs parallel session: 
Talk 1: S. Willocq  
Talk 2: K. Hoepfner  

 ATLAS  TDR (NEW) 



Z’ àttbar 
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top-pairs resonance search   
}  CMS à projections  

}  Either with equal uncertainties or 
improved wrt current analysis  

}  O(4 TeV) exclusions as well  

}  ATLAS à full analysis 
}  Resolved and boosted  
}  Large R-jets considered   [TeV]
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(a) Resolved Electron Channel.
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(b) Resolved Muon Channel.
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(c) Boosted Electron Channel.
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(d) Boosted Muon Channel.

Figure 1: The reconstructed mass spectrum of tt̄ pairs selected from signal and background events with 3000 fb�1

of simulated
p

s = 14 TeV p-p collisions. The background normalisations are obtained from the theoretical cross
sections. Standard Model tt̄, W+jets, Z+ jets and single top evenst are included. The cross sections of the signal
samples, Z’ (2 TeV) and Z’ (3 TeV), are multiplied by 50 for visibility and shown on the boosted channel plots.
These signals are not visible in the resolved channel, so a Z’ (1 TeV) sample is shown on the resovled channel plots,
with its cross section multiplied by 50.

8

(a) Upper cross section limits for 300 fb�1. (b) Upper cross section limits for 3000 fb�1.

Figure 2: The expected upper limits set on the cross section ⇥ branching ratio of the Topcolour Z’ boson for masses
1-7 TeV, with 300 fb�1 (a) and 3000 fb�1 (b) of simulated

p
s = 14 TeV p-p collisions. The theoretical signal cross

section intersects with the 300 fb�1 limits line at ' 3 TeV and with the 3000 fb�1 line at ' 4 TeV. We can expect to
exclude this resonance for m

Z

0 < ⇠3 TeV after Run 3 and m
Z

0 < ⇠4 TeV after HL-LHC.

9

1 TeV gained with HL-LHC! 

ATL-PHYS-PUB-2017-002 



W’àtb 
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}  Projections performed – 
assuming NWA using 2015 
and 2016 analyses  

Introduction

69

Projections
Projections

Again, dependence on assumptions on 
uncertainties 

 CMS DP016_064  

“no” unc. 



Prospects: heavy higgs 
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}  Past and recent results on heavy higgs resonance searches.  
}  HàZZ (4 lepton) and AàZh (2l+2b) (CMS)  

}  Di-higgs  
(although here shown  
non-resonant) (ATLAS) 

CMS PAS FTR-13-024 

hàbb and hàγγ	
  

4 4 Heavy pseudo-scalar A boson
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Figure 1: Invariant mass distribution of H ! ZZ candidates. SM backgrounds are shown
as stacked histograms. The signal for 300, 500, and 800 GeV mass hypotheses are shown as
histograms with solid, dashed, and dotted lines, respectively.
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Figure 2: The cross section times BR which could be excluded at 95% CL (blue) and the cross
section times BR required for a 5s observation of a heavy scalar H boson (green) in the ZZ
channel.
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Figure 4: Invariant mass distribution of A ! Zh candidates. SM backgrounds are shown
as stacked histograms. The signal for 300, 500, and 800 GeV mass hypotheses are shown as
histograms with solid, dashed, and dotted lines, respectively.
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Figure 5: The cross section times BR which could be excluded at 95% CL (blue) and the cross
section times BR required for a 5s observation of a heavy pseudo-scalar A boson (green) in the
Zh channel.

Can constrain 
2HDM models 

Much more being investigated based on the expected performance of the detectors 

 ATLAS  TDR (NEW) 



Summary 
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}  In the past years, experiments have focused on the completion of the 
detector proposals and optimization of performance  
}  Lot of benchmark studies have been carried out, with continued efforts to evaluate 

the prospects of BSM searches in parallel to data analyses  
}  New ideas are being explored and hopefully we will get more at this workshop!  

}  Analyses have been carried out using different approaches (projections / 
truth-smearing / DELPHES) or assumptions (PU, modeling uncertainties, 
treatment of rare backgrounds)  
}  For the YR, we should ensure a coherent set of approaches  

}  There is huge potential also in terms of complementarities:  
}  Push for a synergic approach across HL-LHC experiments i.e. in NP scenarios 

characterized by long-lived particles, for dark matter and dark sectors in general  
}  Work to fully exploit the HL-LHC potential also considering new detectors/facilities 

à  Plans and intro of WG3 activities in the next session  
à  Have a look at the BSM and BSM-joint sessions   

Lot of exciting physics can be done at HL-LHC and ‘around’, and a 
great physics case is being developed – please contribute!  



BSM and joint agendas 
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}  m 
Wednesday 

Tuesday 

+ Posters (Monday evening)  
+ Abstracts and teaser slides to be discussed on 
Wednesday morning! 


