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The organisers asked me to present "many personal and possibly original and 
provocative points”. Note that I have a clear BSM bias towards SUSY.


Thanks for input from: Federico Meloni, Klaus Mönig, Marie-Hélène Genest, 
Andreas Höcker.


The slides present my personal opinions. Any potential mistakes, oversights, 
etc. are on me!



• Setting the scene 
Selected SUSY impressions from pre-LHC to post-Run2.


• Prospects of direct searches 
What sensitivity gains can we expect with the HL-LHC? 

• Direct vs indirect searches 
Should we all go and do measurements? 

• Strategy

Outline



©	Escher,	Day	and	Night	1938

 Pre-LHC prologue
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LHC Point 5
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 First act: LHC Run-1
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LHC Run-1 2010-2012
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→ exciting time


We discovered the Higgs boson while not finding yet any evidence for new physics. 
Before first LHC results, word on the street was that SUSY would show up first.
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 Second act: LHC@13 TeV
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LHC Run-2 2015-2018
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Reactions …
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Status today
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• We learned that new physics was not around the 
corner.

• Naturalness: primary BSM guiding principle over 
the last decades.

- key prediction: top quark partner (such as stop), 
mostly ruled out at the TeV level.

• Fundamental questions remain → puzzling time



What’s the importance and 
strategy of direct searches for 

LHC Run 3 and beyond?
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What’s next at (HL) LHC?
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we’re here

On the (HL) LHC menu for next ~20 years: 

• small increase ~8% in √s,

• large increase x20-x30 in ∫𝓛dt



to find signs of new physics

Prospects of direct searches
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Prospects for finding NP at HL-LHC
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Heavy resonances and Lepto-Quarks

Expect ~50% increase in mass reach

[1812.07831]
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Fig. 6.2.13: Expected (dashed black line) upper limit on cross section times branching fraction (� ⇥ B) as a
function of the W 0 boson mass in the electron, muon, and combined electron and muon channels of the W 0

! `⌫

search assuming 3 ab�1 of data. The 1� (green) and 2� (yellow) expected limit bands are also shown. The
predicted � ⇥ B for W 0 production in the SSM is shown as a black line. These limits are based on a NNLO cross-
section calculation including off-shell production (pp ! W

0
/W

0⇤
! `⌫). The blue marker shows the current

limits obtained with the latest Run 2 analysis based on 79.8 fb�1 of data.

background in the electron channel is assumed to be 2.5% ⇥ mT [TeV]. Overall these uncertainties in
the background event yield add up to ⇠ 7% ⇥ mT [TeV]. As the search looks for an excess in the high
mT tail, the sensitivity is primarily limited by the statistical uncertainties.

The statistical analysis relies on a Bayesian approach to set cross section times branching fraction
upper limits and a profile likelihood approach to derive the discovery reach as for the Z 0

! `` search
described above. The branching fraction corresponds to that for decays into a single lepton generation,
assumed to be universal in the combination of the two channels. The 95% C.L. upper limit on � ⇥ B as
a function of W 0 mass is shown in Fig. 6.2.13 for an integrated luminosity of 3 ab�1 after combination
of the electron and muon channels. The upper limits on � ⇥ B for W 0 bosons start to weaken above
a pole mass of ⇠ 5 TeV, which is mainly caused by the combined effect of a rapidly falling signal
cross section towards the kinematic limit and the increasing proportion of the signal being produced
off-shell in the low-mT tail of the signal distribution. The W 0 bosons in the SSM can be excluded up to
masses of 7.6 (7.3) TeV in the electron (muon) channel. These limits are based on a NNLO cross-section
calculation including off-shell production for the signal. The limits in the electron channel are stronger
due to the superior energy resolution of the calorimeter for high-momentum electrons as compared to that
of the muon spectrometer for high-momentum muons. The combination of the two channels increases
the limits to just over 7.9 TeV. This is an improvement of more than 2 TeV with respect to the current
exclusion limits using 79.8 fb�1 of

p
s = 13 TeV data. For comparison, assuming the performance of

the upgraded ATLAS detector and a luminosity of 300 fb�1, W 0 masses up to 6.7 TeV can be excluded
for the combined electron and muon channels. Though the detector resolutions for the upgraded detector
at the HL-LHC are applied, this is a good approximation of the reach with the current detector at the end
of LHC Run 3.

The discovery reach is based on a 5-� significance. In the context of the SSM, W 0 bosons can
be discovered up to masses of 7.7 TeV. The discovery reach is shown in Table 6.2.4 together with the
exclusion limits discussed above. As can be seen, the discovery reach typically is only few hundred
GeV lower than the mass limits obtained with a background-only hypothesis. The similarity of the
values for the discovery reach and the exclusion limit is expected, as in the high-mT tail the background
contribution approaches zero, while the number of signal events is about three. The expected reach with
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Fig. 5.2.1: Expected significances for an LQ decaying exclusively to top quarks and muons (left) or ⌧ leptons
(right).
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Fig. 5.2.2: Expected upper limits on the LQ pair production cross section at the 95% C.L. for an LQ decaying
exclusively to top quarks and muons (left) or ⌧ leptons (right).

1400 GeV.
Figure 5.2.3 shows the expected signal significances and upper exclusion limits on the pair produc-

tion cross section of scalar LQs allowed to decay to top quarks and muons or ⌧ leptons at the 95% C.L. as
a function of the LQ mass and a variable branching fraction B(LQ ! tµ) = 1 � B(LQ ! t⌧) for an
integrated luminosity of 3 ab�1 in the two different scenarios. For all values of B, LQ masses up to
approximately 1200 GeV and 1400 GeV are expected to be in reach for a discovery at the 5� level and a
95% C.L. exclusion, respectively.

5.2.2 Z0 and leptoquarks for B decay anomalies at HL- and HE-LHC
Contributors: B. Allanach, B. Gripaios, T. Tevong You

Recent measurements of R⇤
K and other b observables indicate that the b̄PLsµ̄PLµ vertex may be

receiving BSM corrections. Here, we examine simplified models that may predict such corrections at the
tree-level: Z 0 models and leptoquark models depicted in Fig. 5.2.4.

The ‘naïve’ Z 0 model contains the Lagrangian pieces

L
min.
Z

0 �

⇣
gsbL Z 0

⇢s̄�
⇢PLb + h.c.

⌘
+ gµµ

L
Z 0
⇢µ̄�⇢PLµ , (5.2.1)

142

Opportunity: single production of LQs and VLQs 

https://arxiv.org/abs/1812.07831
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Prospects for finding NP at HL-LHC
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weakly coupled, DM

mono-jet search: from no sensitivity to higgsinos @ Run2,  
to 200 GeV at HL-LHC.

[1812.07831]

Fig. 3.1.5: Comparative reach of the HL-LHC, HE-LHC and FCC-hh/SppC options in the monojet channel for
wino-like (left) and Higgsino-like (right) DM search. The solid and dashed lines correspond to optimistic values
of the systematic uncertainties on the background estimate of 1% and 2% respectively, which might be achievable
using data-driven methods with the accumulation of large statistics.

95% C.L. Wino Higgsino
14 TeV 280 GeV 200 GeV
27 TeV 700 GeV 490 GeV
100 TeV 2 TeV 1.4 TeV

Table 3.1.2: Summary of DM mass reach at 95% C.L. for an EW triplet (wino-like) and a doublet (Higgsino-
like) representation, at the HL-LHC, HE-LHC and the FCC-hh/SppC colliders, in optimistic scenarios for the
background systematics.

transverse momentum search and the disappearing charged track search. The first one is reported in this
section, the second in Section 4.1.3.

We present our results [151] on the future reach of three different scenarios of collider energy
and integrated luminosity: HL-LHC, HE-LHC, and FCC-hh/SppC (100 TeV, 30 ab�1). We adopt as a

definition of significance S/
q

B + (�BB)
2
+ (�SS)

2 where S and B are the total number of signal
and background events, and �S , �B refer to the corresponding percentage systematic uncertainties,
respectively.

The classic monojet and missing transverse momentum search for pair production of a DM particle
in association with a hadronic jet originating from initial state radiation is considered. Pair production
of both the charged state �± and the neutral state �0 would contribute to the signal in the monojet
search channel, since the charged pions from the charged state �± decay are too soft to detect at hadron
colliders. Systematic uncertainties �B = 1�2% and �S = 10% are assumed. In Fig. 3.1.5 we compare
the reach of the HL-LHC, HE-LHC and FCC-hh/SppC options in the monojet channel for wino-like (left)
and Higgsino-like (right) DM search. The solid and dashed lines correspond to systematic uncertainties
on the background estimate of 1% and 2% respectively. Results are summarised in Table 3.1.2. In an
optimistic scenario, wino-like DM mass of up to 280, 700 and 2000 GeV is expected to be probed at
the 95% C.L. , at the 14, 27 and 100 TeV colliders respectively. For the Higgsino-like scenario, these
numbers decrease to 200, 490 and 1370 GeV, primarily due to the reduced production cross-section.
Clearly, a 27 TeV collider can substantially improve the reach by a factor of two or more compared to the
HL-LHC, while improvement of another factor of three can be further achieved at the 100 TeV collider.
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Fig. 3.3.4: Expected upper limits at 95% C.L. on the production cross section of � as a function of �0 mass in
(left) mono-photon final state and (right) VBF+Emiss

T final state. Results are shown for an integrated luminosity of
3 ab�1. The red line shows the theoretical cross section.

MC signal samples and performs a simultaneous fit on the most inclusive signal region (SR), corre-
sponding to Emiss

T >150 GeV, that provides the best expected sensitivity. All backgrounds, including
fake photons estimated with data-driven techniques, have been included in the fit rescaling the Run-2
results to the high luminosity scenario. All the systematic uncertainties on the MC background samples
have been taken into account to obtain upper limits on the �0 production cross section. Projections of
the expected upper limits on the production cross section of �0 at 95% C.L. for an integrated luminosity
of 3 ab�1 and

p
s = 13 TeV, are shown in Figure 3.3.4 (left). Masses of �0 below 310 GeV can be

excluded at 95% C.L. by the analysis assuming the same systematic uncertainties adopted in Ref. [238].
The impact of the systematic uncertainty on the sensitivity of the analysis has been checked considering
that the analysis will no more be limited by the statistical uncertainty at high luminosity. In a scenario in
which the current systematic uncertainties are halved, an exclusion of �0 masses up to about 340 GeV
could be reached. Thanks to the increased statistics, the analysis at high luminosity could be further
optimised by performing a multiple-bin fit, thus on more bins in Emiss

T improving the overall sensitivity
of the analysis. This study is done for a c.o.m. energy of 13 TeV, a slight improvement in the signal
significance is expected from the increase of the c.o.m. energy to 14 TeV foreseen for the HL-LHC.

VBF plus Emiss
T final state

The VBF+Emiss

T topology is characterised by two quark-initiated jets with a large separation in rapidity
and Emiss

T . The sensitivity of the VBF+Emiss

T analysis to the WIMP triplet model is presented as a
reinterpretation of the Run-2 results for the high luminosity scenario foreseen for the HL-LHC. As pile-
up is a key experimental challenge for event reconstruction in the VBF topology at the HL-LHC, a
dedicated study of its impact is also shown using VBF H !invisible as benchmark.

Projections at high luminosity for DM for EW triplet DM.
A search for an invisibly decaying Higgs boson produced via VBF has been performed by ATLAS using
a dataset corresponding to an integrated luminosity of 36 fb�1 of pp collision at

p
s =13 TeV [239].

The final state is defined by the presence of two energetic jets, largely separated in ⌘ and with O(1) TeV
invariant mass, and large Emiss

T .
This analysis set limits on the BR B of the H! invisible. The main backgrounds arise from

Z ! ⌫⌫+jets and W ! `⌫+jets events. The contribution of W/Z is estimated from events in CRs
enriched in W ! `⌫ (where the lepton is found) and Z ! `` (with ` being electrons or muons) that are
used to normalise the MC estimates to data through a simultaneous fitting technique and to extrapolate

83
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https://arxiv.org/abs/1812.07831
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Prospects for finding NP at HL-LHC

 20

strong s-particle pair production 

Expect ~50% increase in mass reach
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Fig. 2.1.1: Expected reach of HL- and HE-LHC in probing gluinos, in the gluino-LSP mass plane. The left (right) plots show
the gluino mass reach in 14 (27) TeV pp collisions with 3 ab�1 (15 ab�1) of data. The decay g̃ ! qq̄�̃

0
1 is assumed to occur

with 100% branching fraction, with a bino-like LSP. Both 2� exclusion (dashed) and 5� discovery contours are shown.

upgraded ATLAS and CMS detectors prescribing anti-kT jets [34] with radius 0.4. Effects due to high
pile-up are not taken into account, as we expect it to have a negligible impact on our results [66]. An
overall systematic uncertainty of 20% is assumed on the SM background contributions covering, among
others, jet energy scale and resolution uncertainties. A generic 10% uncertainty is assumed on the signal.
This does not take into account PDF-related uncertainty which might be as large as 50% for gluinos
around 3 TeV, although the impact of an uncertainty of this kind is presented below for a massless LSP
scenario.

Following previous works [62,66,69], we apply a set of baseline selections at both 14 and 27 TeV.
We require that signal events contain no electrons (muons) with pT above 10 (10) GeV and |⌘| below
2.47 (2.4). Events are also required to contain a leading jet with pT > 160 GeV and three additional
jets with pT > 60 GeV. In addition, a minimum missing transverse momentum of 160 GeV is required
to fulfil trigger-based requirements. We reject events with ��(j, Emiss

T ) > 0.4 for any of the first
three jets to avoid contamination from multi-jet background with mis-measured jets. To further reduce
SM contributions, we demand Emiss

T /
p
HT > 10 GeV1/2 and pT (j4)/HT > 0.1 where j4 indicates

the fourth leading jet and HT is the sum of the transverse momentum of the jets considered in the
analysis. After this baseline selection, a two dimensional optimisation over selections on Emiss

T and
HT is performed to obtain the maximum significance. For the HL-LHC (HE-LHC), we vary Emiss

T

in steps of 0.5 (0.5) TeV from 0.5 (0.5) up to 3.0 (7.0) TeV and HT in steps of 0.5 (0.5) TeV from
0.5 (0.5) up to 5.0 (7.0) TeV. The optimisation aims to maximise the signal significance, defined as

S/
q
(B + (sysB)2B2 + (sysS)2S2), where S indicates the number of signal events, B the total SM

background events, and sysB = 0.2 and sysS = 0.1 are the systematic uncertainties on background
and signal, respectively. Thanks to the optimisation procedure used in this study, the results present
an improvement with respect to the existing ATLAS HL-LHC study [62], although the impact related
to different assumptions on systematic uncertainties and pile-up conditions might play a non-negligible
role.

Exclusion and discovery contours are shown in Fig. 2.1.1 as 2� and 5� contours of the signifi-
cance previously defined. For a massless LSP, a gluino of approximately 3.2 TeV can be probed by the
HL-LHC with 3 ab�1 of integrated luminosity, with a discovery potential up to 2.9 TeV. At 27 TeV
with 15 ab�1of integrated luminosity, the exclusion (discovery) reach is roughly 5.7 (5.2) TeV for mass-
less LSP. With the signal varied within a 50% band, mimicking current PDF uncertainties for high mass
gluinos, the HL-LHC (HE-LHC) exclusion reach will decrease by about 200 (400) GeV and become
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Fig. 2.1.3: Final 95% C.L. exclusion reach and 5� discovery contour corresponding to 3 ab�1of proton-proton
collisions collected by ATLAS at the HL-LHC.

top quarks and W -bosons in the final state. For the evaluation of the final exclusion sensitivity, a set
of mutually exclusive signal regions is defined. The events are classified in 30 different signal regions
according to the number of identified b-jets, the value of the mass of the second (ordering done in mass)
reclustered jet reconstructed with distance parameter R = 1.2, manti-k1.2t

2 mass, and the value of the
Emiss

T . For the evaluation of the discovery sensitivity, a set of single bin cut-and-count signal regions
is defined, which apply the full preselection, and then require Nb�jet � 2, manti-k1.2t

2 > 120 GeV.
Four different thresholds in Emiss

T are then defined to achieve optimal sensitivity for a 5� discovery:
Emiss

T > 400, 600, 800, 1000 GeV. For each model considered, the signal region giving the lowest p-
value against the background-only hypothesis in presence of the signal is used. The basic idea of the
diagonal analysis arises from the fact that, given the mass relation between the stop and the neutralino,
the stop decay products (the top quark and the neutralino) are produced nearly at rest in the stop reference
frame. When looked at from the lab reference frame, the transverse momentum acquired by the decay
products will be proportional to their mass. If pISRT is the transverse momentum of everything that recoils
against the stop pair, it can be shown that

RISR ⌘
Emiss

T

pISRT

⇠

m
⇣
�̃0
1

⌘

m
�
t̃1
� . (2.1.1)

Following this considerations, a recursive jigsaw reconstruction is performed, which makes assumptions
that allow the definition of a set of variables in different reference frames. The final strategy for the
assessment of exclusion sensitivity for the diagonal analysis is thus to use a set of mutually exclusive
signal region defined in bins of RISR and Emiss

T . For the evaluation of the discovery sensitivity, four
cut-and-count signal regions are defined, which apply the full preselection, and then require RISR > 0.7
and Emiss

T > 500, 700, 900, 1100 GeV. For each model considered, the signal region giving the lowest
p-value against the SM hypothesis in presence of signal is used.

The final Emiss
T distribution in the bins with manti-k1.2t

2 > 120 GeV, Nb�jet � 2 (for the large �m
analysis) and RISR > 0.65 (for the diagonal analysis) are shown in Fig. 2.1.2. In all cases, the main
background process is tt̄, with significant contribution of W+jets events for the large �m analysis. A
15% uncertainty is retained as a baseline value of the expected uncertainty for both analyses to determine
both the 5� and the 95% C.L. exclusion reach of the analysis. For the case of the estimation of the
95% C.L. exclusion sensitivity, a further scenario with doubled uncertainty (30%) is also evaluated.

The final exclusion sensitivity evaluation is done by performing a profile-likelihood fit to a set of
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Fig. 2.2.2: The 95% C.L. exclusion and discovery potential for �̃+

1 �̃
�
1 production at the HL-LHC (3 ab�1at

p
s = 14 TeV), assuming �̃±

1 ! W �̃0

1 with a BR of 100%, for an uncertainty on the modelling of the SM
background of 5% (baseline uncertainty). The observed limits from the analyses of 13 TeV data [86] are also
shown.

Common
lepton flavour/sign e+e�`± or µ+µ�`±

SR-0J SR-1J
number of jets = 0 � 1

Binned SR mmin

T [GeV] Emiss

T [GeV] mmin

T [GeV] Emiss

T [GeV]
2 [150, 250] 2 [200, 250] 2 [150, 250] 2 [200, 250]

2 [250, 350] 2 [250, 350]
2 [350, 450] 2 [350, 450]
2 [450,1] 2 [450, 600]

2 [600,1]
2 [250, 400] 2 [150, 250] 2 [250, 400] 2 [150, 250]

2 [250, 350] 2 [250, 350]
2 [350, 500] 2 [350, 500]
2 [500,1] 2 [500,1]

2 [400,1] 2 [150, 350] 2 [400,1] 2 [150, 350]
2 [350, 450] 2 [350, 450]
2 [450, 600] 2 [450, 600]
2 [600,1] 2 [600,1]

Table 2.2.1: Signal regions for the chargino/next-to-lightest neutralino production analysis.

potential decreases by 10 GeV in �̃±
1 mass and 30 GeV in �̃0

1 mass. To calculate the discovery potential,
eleven inclusive signal regions are defined with mT2 larger than the lower bound of each mT2 interval,
and the inclusive signal region with the best expected sensitivity is used. At the HL-LHC, the discovery
potential reaches up to 660 GeV in �̃±

1 mass with the baseline scenario assumption for the background
modelling uncertainty, and it decreases by 30 GeV in �̃±

1 mass and 60 GeV in �̃0
1 mass if uncertainties

doubled.

2.2.2 Chargino-Neutralino searches in multileptons at HL-LHC
Contributors: A. De Santo, B. Safarzadeh Samani, F. Trovato, ATLAS

Charginos and next-to-lightest neutralinos decaying via W and Z or Higgs bosons and LSP are
searched for using three-lepton signatures characterised by large missing transverse momentum [84]. A
simplified model describing the direct production of �̃±

1 �̃
0
2 is studied here, where the �̃±

1 and �̃0
2 are as-
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Fig. 2.2.15: Expected exclusion limit (dashed line) in the �m(�̃0

2, �̃
0

1), m(�̃0

2) mass plane, at 95% C.L. from
the dilepton analysis with 3 ab�1of 14 TeV, proton-proton collision data in the context of a pure Higgsino LSP
with ±1� (yellow band) from the associated systematic uncertainties. The blue curve presents the 5� discovery
potential of the search. The purple contour is the observed exclusion limit from the Run-2 analysis. The figure also
presents the limits on chargino production from LEP. The relationship between the masses of the chargino and the
two lightest neutralinos in this scenario is m(�̃±

1 ) =
1

2
(m(�̃0

1) +m(�̃0

2)).

they forbid any R-parity violating operators thanks to the gauged B�L symmetry. To naturally describe
the small magnitude of the neutrino masses and preserve R-parity, the model superfield content includes
both SU(2)L and SU(2)R triplets of Higgs supermultiplets. The neutral component of the SU(2)R
Higgs scalar field then acquires a large vacuum expectation value vR, which breaks the LR symmetry and
makes the SU(2)R gauge sector heavy. In order to prevent the tree-level vacuum from being a charge-
breaking one, we can either rely on spontaneous R-parity violation [105], one-loop corrections [106],
higher-dimensional operators [107] or additional B�L = 0 triplets [108]. Whereas the first two options
restrict vR to be of at most about 10 TeV, the latter ones enforce vR to lie above 1010 GeV. In this work,
we rely on radiative corrections to stabilise the vacuum, so that the lightest supersymmetric particle
(LSP) is stable and can act as a dark matter candidate.

Two viable LSP options emerge from LRSUSY, neutralinos and right sneutrinos. Out of the 12
neutralinos, gauginos and LR bidoublet, higgsinos can generally be lighter than 1 TeV. The correct relic
density can be accommodated with dominantly-bino LSPs with a mass close to mh/2 [109], whilst in
the bidoublet higgsinos case (featuring four neutralinos and two charginos that are nearly-degenerate),
co-annihilations play a crucial role and impose higgsino masses close to 700 GeV. In this setup, the rest
of the spectrum is always heavier, so that SUSY could be challenging to discover. Right sneutrino LSP
annihilate via the exchange of an s-channel Higgs boson through gauge interactions stemming from the
D-terms [109]. Without options for co-annihilating, the LSP sneutrino mass must lie between 250 and
300 GeV. However, potential co-annihilations with neutralinos enhance the effective annihilation cross
section so that the relic density constraints can be satisfied with heavier sneutrinos. The fully degenerate
sneutrinos and higgsinos case impose an upper limit on the sneutrino mass of 700 GeV. Additionally,
right neutrinos can also be part of the dark sector, together with the LSP [110].

Direct detection constraints imposed by the XENON1T [111] and PANDA [112] collaborations
put light DM scenarios under severe scrutiny. Hence, in LRSUSY, in order to account for the relic
density and direct detection constraints simultaneously, we need to focus on various co-annihilation
options. In this work, we consider one right sneutrino and one higgsino LSP scenario and highlight
the corresponding implications for WR searches at the LHC. A robust signal of left-right symmetry
consists in the discovery of a right gauge boson WR, possibly together with a right neutrino NR. Both

38
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HL/HE-LHC SUSY Searches Simulation Preliminary
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√
s = 14, 27 TeV

Fig. 7.1: A summary of the expected mass reach for 5� discovery and 95% C.L. exclusion at the HL/HE-LHC, as
presented in Section 2.

decaying ⌧ and missing ET , will be sensitive to currently unconstrained pair-produced ⌧̃ : exclusion
(discovery) for m⌧̃ up to around 700 (500) GeV can be achieved under realistic assumptions of perfor-
mance and systematic uncertainties.

In the strong SUSY sector, HL-LHC will probe gluino masses up to 3.2 TeV, with discovery reach
around 3 TeV, in R-parity conserving scenarios and under a variety of assumptions on the g̃ prompt
decay mode. This is about 0.8 � 1 TeV above the Run-2 g̃ mass reach for 80 fb�1. Pair-production
of top squarks has been studied assuming t̃1 ! t�̃0

1 and fully hadronic final states with large missing
ET . Top squarks can be discovered (excluded) up to masses of 1.25 (1.7) TeV for massless neutralinos,
i.e. �m(t̃1, �̃

0
1) � mt, under realistic uncertainty assumptions. This extends by about 700 GeV the

reach of Run-2 for 80 fb�1. The reach in m
t̃

degrades for larger �̃0
1 masses. If �m(t̃1, �̃

0
1) ⇠ mt, the

discovery (exclusion) reach is 650 (850) GeV.

Dark Matter and Dark Sectors
Compressed SUSY scenarios, as well as other DM models, can be targeted using signatures such

as mono-jet, mono-photon and vector-boson-fusion production. Mono-photon and VBF events allow
targeting an EW fermionic triplet (minimal DM), equivalent to a wino-like signature in SUSY, for which
there is no sensitivity in Run-2 searches with 36 fb�1. Masses of the �̃0

1 up to 310 (130) GeV can
be excluded by the mono-photon (VBF) channel, with improvements possible, reducing the theoreti-
cal uncertainties. Projections for searches for a mono-Z signature, with Z ! `+`� recoiling against
missing ET , have been interpreted in terms of models with a spin-1 mediator, and models with two
Higgs doublets and an additional pseudoscalar mediator a coupling to DM (2HDMa). The exclusion is
expected for mediator masses up to 1.5 TeV, and for DM and pseudoscalar masses up to 600 GeV, a

234



T. Eifert - Direct searches for LHC Run 3 and beyond - Workshop at Durham - Sep 2019  23

Opportunities

LHC phase-2 detector upgrades

Timing detectors (4D reconstruction, long-lived particles)

New trigger systems with more information (high granularity 
calorimeter, tracking information, global “view” at level-1)

Improved systematics (det. understanding, theory calc.)

low-mass resonances with tiny couplings
Systematics limited searches, for example:

monojet (to access higgsino/wino DM)
Measurements

Improved tools to discriminate signal from background
b-tagger, c-tagger, top-tagger, etc.
tau identification



T. Eifert - Direct searches for LHC Run 3 and beyond - Workshop at Durham - Sep 2019

Prospects for finding NP at HL-LHC

 24

Model e, µ, τ, γ Jets Mass limit Section

G
lu

in
o

S
to

p
C

h
a

rg
in

o
,

n
e

u
tr

a
lin

o
H

ig
g

si
n

o
W

in
o

S
ta

u
L

o
n

g
-l

iv
e

d
p

a
rt

ic
le

s

g̃g̃, g̃→qq̄χ̃
0
1 0 4 jets m(χ̃

0
1)=0 2.1.1g̃̃g 2.9 (3.2) TeV

g̃g̃, g̃→qq̄χ̃
0
1 0 4 jets m(χ̃

0
1)=0 2.1.1g̃ 5.7g̃̃g 5.2g̃ 5.2 (5.7) TeV

g̃g̃, g̃→tt̄χ̃
0
1 0 Multiple m(χ̃

0
1)=0 2.1.3g̃̃g 2.3 (2.5) TeV

g̃g̃, g̃→tc̄χ̃
0
1 0 Multiple m(χ̃

0
1)=500 GeV 2.1.3g̃̃g 2.4 (2.6) TeV

NUHM2, g̃→tt̃ 0 Multiple/2b 2.4.2g̃ 5.9g̃̃g 5.5g̃ 5.5 (5.9) TeV

t̃1t̃1, t̃1→tχ̃
0
1 0 Multiple/2b m(χ̃

0
1)=0 2.1.2, 2.1.3t̃1t̃1 1.4 (1.7) TeV

t̃1t̃1, t̃1→tχ̃
0
1 0 Multiple/2b ∆m(t̃1, χ̃

0
1)∼ m(t) 2.1.2t̃1t̃1 0.6 (0.85) TeV

t̃1t̃1, t̃1→bχ̃
±
/tχ̃

0
1, χ̃

0
2 0 Multiple/2b 2.4.2t̃ 3.65t̃̃t 3.16t̃ 3.16 (3.65) TeV

χ̃+1 χ̃
−
1 , χ̃

±
1→W±χ̃0

1
2 e, µ 0-1 jets m(χ̃

0
1)=0 2.2.1χ̃±

1
χ̃±

1
0.66 (0.84) TeV

χ̃±1 χ̃
0
2 via WZ 3 e, µ 0-1 jets m(χ̃

0
1)=0 2.2.2χ̃±

1 /χ̃
0

2
χ̃±

1 /χ̃
0

2
0.92 (1.15) TeV

χ̃±1 χ̃
0
2 via Wh, Wh→ℓνbb̄ 1 e, µ 2-3 jets/2b m(χ̃

0
1)=0 2.2.3χ̃±

1 /χ̃
0

2
χ̃±

1 /χ̃
0

2
1.08 (1.28) TeV

χ̃±2 χ̃
0
4→W±χ̃0

1W±χ̃±1 2 e, µ - m(χ̃
0
1)=150, 250 GeV 2.2.4χ̃±

2 /χ̃
0

4
χ̃±

2 /χ̃
0

4
0.9 TeV

χ̃±1 χ̃
0
2 + χ̃

0
2
χ̃0

1, χ̃
0
2→Zχ̃

0
1,χ̃
±
1→Wχ̃

0
1

2 e, µ 1 jet m(χ̃
0
1)=15 GeV 2.2.5.1χ̃±

1 /χ̃
0

2
χ̃±

1 /χ̃
0

2
0.25 (0.36) TeV

χ̃±1 χ̃
0
2 + χ̃

0
2
χ̃0

1, χ̃
0
2→Zχ̃

0
1,χ̃
±
1→Wχ̃

0
1

2 e, µ 1 jet m(χ̃
0
1)=15 GeV 2.2.5.1χ̃±

1 /χ̃
0

2 0.55χ̃±
1 /χ̃

0

2
χ̃±

1 /χ̃
0

2 0.42χ̃±
1 /χ̃

0

2
0.42 (0.55) TeV

χ̃0
2
χ̃±1 , χ̃

±
1 χ̃
∓
1 , χ̃

±
1 χ̃

0
1

2 µ 1 jet ∆m(χ̃
0
2, χ̃

0
1)=5 GeV 2.2.5.2χ̃0

2
χ̃0

2
0.21 (0.35) TeV

χ̃±
2
χ̃0

4 via same-sign WW 2 e, µ 0 2.4.2WinoWino 0.86 (1.08) TeV

τ̃L,Rτ̃L,R, τ̃→τχ̃0
1 2 τ - m(χ̃

0
1)=0 2.3.1τ̃̃τ 0.53 (0.73) TeV

τ̃τ̃ 2τ, τ(e, µ) - m(χ̃
0
1)=0, m(τ̃L)=m(τ̃R) 2.3.2τ̃̃τ 0.47 (0.65) TeV

τ̃τ̃ 2τ, τ(e, µ) - m(χ̃
0
1)=0, m(τ̃L)=m(τ̃R) 2.3.4τ̃ 1.15τ̃̃τ 0.81τ̃ 0.81 (1.15) TeV

χ̃±
1
χ̃∓

1 , χ̃
±
1
χ̃0

1, long-lived χ̃
±
1 Disapp. trk. 1 jet Wino-like χ̃

±
1 4.1.1χ̃±

1 [τ(χ̃
±

1 )=1ns]χ̃±
1 [τ(χ̃

±

1 )=1ns] 0.8 (1.1) TeV

χ̃±
1
χ̃∓

1 , χ̃
±
1
χ̃0

1, long-lived χ̃
±
1 Disapp. trk. 1 jet Higgsino-like χ̃

±
1 4.1.1χ̃±

1 [τ(χ̃
±

1 )=1ns]χ̃±
1 [τ(χ̃

±

1 )=1ns] 0.6 (0.75) TeV

MSSM, Electroweak DM Disapp. trk. 1 jet Wino-like DM 4.1.3DM massDM mass 0.88 (0.9) TeV

MSSM, Electroweak DM Disapp. trk. 1 jet Wino-like DM 4.1.3DM mass 2.1DM massDM mass 2.0DM mass 2.0 (2.1) TeV

MSSM, Electroweak DM Disapp. trk. 1 jet Higgsino-like DM 4.1.3DM massDM mass 0.28 (0.3) TeV

MSSM, Electroweak DM Disapp. trk. 1 jet Higgsino-like DM 4.1.3DM mass 0.6DM massDM mass 0.55DM mass 0.55 (0.6) TeV

g̃ R-hadron, g̃→qqχ̃
0
1 0 Multiple m(χ̃

0
1)=100 GeV 4.2.1g̃ [τ( g̃) =0.1 - 3 ns]g̃ [τ( g̃) =0.1 - 3 ns] 3.4 TeV

g̃ R-hadron, g̃→qqχ̃
0
1 0 Multiple 4.2.1g̃ [τ( g̃) =0.1 - 10 ns]g̃ [τ( g̃) =0.1 - 10 ns] 2.8 TeV

GMSB µ̃→µG̃ displ. µ - cτ =1000 mm 4.2.2µ̃̃µ 0.2 TeV

Mass scale [TeV]10−1 1

HL-LHC,
∫
L dt = 3ab−1: 5σ discovery (95% CL exclusion)

HE-LHC,
∫
L dt = 15ab−1: 5σ discovery (95% CL exclusion)

HL/HE-LHC SUSY Searches Simulation Preliminary

arXiv:1812.07831

√
s = 14, 27 TeV

Fig. 7.1: A summary of the expected mass reach for 5� discovery and 95% C.L. exclusion at the HL/HE-LHC, as
presented in Section 2.

decaying ⌧ and missing ET , will be sensitive to currently unconstrained pair-produced ⌧̃ : exclusion
(discovery) for m⌧̃ up to around 700 (500) GeV can be achieved under realistic assumptions of perfor-
mance and systematic uncertainties.

In the strong SUSY sector, HL-LHC will probe gluino masses up to 3.2 TeV, with discovery reach
around 3 TeV, in R-parity conserving scenarios and under a variety of assumptions on the g̃ prompt
decay mode. This is about 0.8 � 1 TeV above the Run-2 g̃ mass reach for 80 fb�1. Pair-production
of top squarks has been studied assuming t̃1 ! t�̃0

1 and fully hadronic final states with large missing
ET . Top squarks can be discovered (excluded) up to masses of 1.25 (1.7) TeV for massless neutralinos,
i.e. �m(t̃1, �̃

0
1) � mt, under realistic uncertainty assumptions. This extends by about 700 GeV the

reach of Run-2 for 80 fb�1. The reach in m
t̃

degrades for larger �̃0
1 masses. If �m(t̃1, �̃

0
1) ⇠ mt, the

discovery (exclusion) reach is 650 (850) GeV.

Dark Matter and Dark Sectors
Compressed SUSY scenarios, as well as other DM models, can be targeted using signatures such

as mono-jet, mono-photon and vector-boson-fusion production. Mono-photon and VBF events allow
targeting an EW fermionic triplet (minimal DM), equivalent to a wino-like signature in SUSY, for which
there is no sensitivity in Run-2 searches with 36 fb�1. Masses of the �̃0

1 up to 310 (130) GeV can
be excluded by the mono-photon (VBF) channel, with improvements possible, reducing the theoreti-
cal uncertainties. Projections for searches for a mono-Z signature, with Z ! `+`� recoiling against
missing ET , have been interpreted in terms of models with a spin-1 mediator, and models with two
Higgs doublets and an additional pseudoscalar mediator a coupling to DM (2HDMa). The exclusion is
expected for mediator masses up to 1.5 TeV, and for DM and pseudoscalar masses up to 600 GeV, a
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Figure 4: The (a) lifetime and (b) branching ratios of the lightest chargino as a function of the
mass difference ∆Mχ = M(χ̃+

1 )−M(χ̃0
1). The rapid decrease in the lifetime occurs at ∆Mχ = mπ+

where the single pion mode becomes available. The discontinuity at ∆Mχ = 1.4 GeV comes from
the switch in the calculation from hadronic to partonic decay widths. The leptonic channels impli-
citly include the corresponding neutrino. The branching ratio to π+π0π0 was assumed to be equal
to π+π−π+. After [38]–[40].

The sensitivity of the LHC to mAMSB has been demonstrated [30] for one point
(m0 = 200GeV, m3/2 = 35TeV, tan β = 3, µ > 0) with relatively light sparticles, where
the sparticle spectrum was investigated in detail. In [33]–[35], the signatures for AMSB at
a future linear e+e− or e−γ collider were investigated. In [36] the reach of the LHC was
investigated using a simple generic detector simulation for 10 fb−1 of integrated luminosity.
The production of charged and neutral Winos via vector boson fusion was studied for AMSB
in [37]. In that paper the LHC’s reach was investigated for a signature consisting of two
jets widely separated in pseudorapidity in association with missing transverse momentum.

In this section our the aim is to determine the reach of the LHC with a realistic detector
simulator, using optimised but generic SUSY cuts and for 100 fb−1of integrated luminosity.

4.1 Event simulation

The mAMSB spectra were generated using ISAJET-7.63 [41, 42] on a grid 100GeV×5TeV
in the (m0, m3/2) plane. In all cases the ratio of the Higgs vacuum expectation values
(tan β) was set equal to 10 and the sign of µ was positive. The mass of the top quark
(important for electroweak symmetry breaking) was taken to be 175GeV throughout. The
dependence of some of the key sparticle masses on the input values of m0 and m3/2 is
shown in figure 3.

In the χ̃±
1 → χ̃0

1 decays, ISAJET does not include masses for the leptons, and does
not contain multi-pion decay modes. Since the mass difference ∆Mχ̃1 can be of the order
of the mass of the muon, the lepton mass effects can be important in AMSB. To improve
accuracy, the chargino decay modes calculated in [38, 39] were implemented with pion form
factors from [40] and massive leptons. The resulting chargino lifetime and branching ratios
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Fig. 4.1.2: Expected exclusion limits at 95% C.L. from the disappearing track search using of 3 ab�1 of 14 TeV
proton-proton collision data as a function of the �̃±

1 mass and lifetime. Simplified models including both chargino
pair production and associated production �̃±

1 �̃0

1 are considered assuming pure-wino production cross sections
(left) and pure-higgsino production cross sections (right). The yellow band shows the 1� region of the distribution
of the expected limits. The median of the expected limits is shown by a dashed line. The red line presents the
current limits from the Run 2 analysis and the hashed region is used to show the direction of the exclusion. The
expected limits with the upgraded ATLAS detector would extend these limits significantly. The chargino lifetime
as a function of the chargino mass is shown in the almost pure wino LSP scenario (light grey) calculated at one
loop level. The relationship between the masses of the chargino and the two lightest neutralinos in this scenario is
m(�̃±

1 ) =
1

2
(m(�̃0

1) + m(�̃0

2)). The theory curve is a prediction from a pure higgsino scenario.

neutralino production (both �̃±
1 �̃0

1 and �̃±
1 �̃0

2. The potential for the full HL-LHC dataset is expected to
exclude at the 95% C.L. chargino lifetimes, assuming a wino-like (higgsino-like) LSP, of between 7 ps
(10 ps) and 4 µs (1.5 µs) for light charginos with a mass of 100 GeV. Heavier wino-like (higgsino-like)
charginos are excluded up to m(�̃±

1 ) = 1100 GeV (750 GeV) for lifetimes of 1 ns. The discovery potential
of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of mass 100 GeV
with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would allow the
discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV).

Finally, Fig. 4.1.3 presents the 95% expected exclusion limits in the �̃0

1, �m(�̃±
1 , �̃0

1) mass plane,
from both the disappearing track and dilepton searches. The yellow contour shows the expected exclu-
sion limit from the disappearing track search, with the possibility to exclude m(�̃±

1 ) up to 600 GeV for
�m(�̃±

1 , �̃0

1) < 0.2 GeV, and could exclude up to �m(�̃±
1 , �̃0

1) = 0.4 GeV for m(�̃±
1 ) = 100 GeV.

The blue curve presents the expected exclusion limits from the dilepton search, which could exclude up
to 350 GeV in m(�̃±

1 ), and for a light chargino mass of 100 GeV would exclude mass differences be-
tween 2 and 15 GeV. Improvements that are expected with the upgraded detector, and search technique
improvements may further enhance the sensitivity to these models. For example the sensitivity of the
disappearing tracks search can be enhanced by optimising the tracking algorithms used for the upgraded
ATLAS detector allowing for an increase in tracklet efficiency, the possibility of shorter tracklets pro-
duced requiring 3 or 4 hits, and further suppression of the fake tracklet component. The dilepton search
sensitivity would be expected to improve by increasing the reconstruction efficiency for low pT leptons.
The addition of the electron channel would also further enhance the search sensitivity.

4.1.2 Complementarities between LHeC and HL-LHC for disappearing track searches
Contributors: O. Fischer, from [322] with J. Zurita, D. Curtin, K. Deshpande

In higgsino-like SUSY models, the Higgsinos’ tiny mass splittings give rise to finite lifetimes for
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Disappearing track with new Inner Tracker

ATLAS Run2 ID gives x15 higher signal yield than ITK layout, for 4-hit tracklets  
(R ~ 12 cm vs 22 cm) and assuming a 400 GeV higgsino with 𝝉 = 0.05 ns.

The  lifetime of the higgsino chargino varies 0.03 to 0.07 ns  
(the value decreases as the chargino mass increases).

While we expect x10 increase in int. luminosity when going from  
Run2+Run3 (300 fb-1) to HL-LHC (3-4 ab-1)

Opportunity in ATLAS for Run3, should try to benefit from special trigger!



Direct searches vs indirect 
constraints
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Direct searches vs indirect constraints

 30

“Given the direct searches’ null results and prospects,  
should we re-direct efforts to measurements?”

As the sensitivity of direct searches saturates, and  
the larger dataset and improved detector understanding  

lead to increasingly higher precision measurements,  
(that will cover more and more phase-space) 

will there be a point when  
NP is most stringently constrained by measurements?
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Higgs Compositeness? 

May 16, 2019 PPG: BSM physics  10 
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Giudice, Sphicas @ Granada workshop 2019

https://indico.cern.ch/event/808335/timetable/#all.detailed
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New resonances/particles/forces? 

May 16, 2019 PPG: BSM physics  13 

Seeing the peak. Reach:  
●  M < √s for lepton colliders 
●  M ≲ 0.3-0.5 √s in hadron colliders   

for couplings ~ weak couplings 

Deviations in high-M tails:  
●  Better suited for lepton colliders; sensitive to 

[mass/coupling] ≫ √s 
●  Hadron colliders relevant for gZ’>gSM 

couplings: [mass/coupling] ≫ 0.5√s 

In what follows: using very simple 
model as example. 
Universal Z’. Clearly, many models 
with flavor dependence etc.  

Courtesy: 
J. De Blas 

Giudice, Sphicas @ Granada workshop 2019

https://indico.cern.ch/event/808335/timetable/#all.detailed
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New resonances/particles/forces? 

May 16, 2019 PPG: BSM physics  14 
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Indirect constraints
What are the indirect constraints assuming


no additional flavor & CP violation?


SUSY is a weakly coupled theory:*


Example: h -> gg


�OSUSY

OSM
⇠

m2
SM

m2
SUSY
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* coupling strength as in SM — if RPC: SM processes corrected @ 1-loop 

Weiler @ Granada workshop 2019

https://indico.cern.ch/event/808335/contributions/3365251/attachments/1842135/3024557/Susy_Theory_Talk___Weiler_final.pdf
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Indirect: Higgs precision

Table 4. Expected relative precision (%) of the k parameters in the kappa-3 scenario described in Section 2 for the HL-LHC,
LHeC, and HE-LHC. A bound on |kV | 1 is applied since no direct access to the Higgs width is possible, thus the uncertainty
on kW and kZ is one-sided. For the remaining kappa parameters one standard deviation is provided in ±. The corresponding
95%CL upper limit on BRinv is also given. In this kappa-4 scenario BRunt is a floating parameter in the fit, to propagate the
effect of an assumed uncertain total width on the measurement of the other ki. Based on this constraint the reported values on
BRunt are inferred. Cases in which a particular parameter has been fixed to the SM value due to lack of sensitivity are shown
with a dash (�). An asterisk (*) indicates the cases in which there is no analysis input in the reference documentation, and
HL-LHC dominates the combination. In the case of kt sensitivity at the LHeC, note that the framework relies as input on µttH ,
and does not take into consideration µtH . The integrated luminosity and running conditions considered for each collider in this
comparison are described in Table 1.

kappa-3 scenario HL-LHC HL-LHC + LHeC HL-LHC + HE-LHC
kW (%,  1) �1.7 �0.3 �0.8
kZ (%,  1) �1.3 �0.7 �0.7

kg (%) ±2.2 ±1.6 ±1.1
kg (%) ±1.7 ±1.5 ±0.82
kZg (%) ±10. ±11. ⇤ ±3.7
kc (%) � ±3.7 �
kt (%) ±2.8 ±2.7 ⇤ ±1.6
kb (%) ±2.6 ±1.2 ±1.4
kµ (%) ±4.4 ±4.4 ⇤ ±1.7
kt (%) ±1.6 ±1.3 ±0.87

BRinv (<%, 95% CL) 1.9 1.1 1.5 ⇤

BRunt (<%, 95% CL) inferred using constraint |kV | 1
4.1 1.3 2.2

Table 5. Expected relative precision (%) of the k parameters in the kappa-3 (combined with HL-LHC) scenario described in
Section 2 for future accelerators beyond the LHC era. The corresponding 95%CL upper limits on BRunt and BRinv and the
derived constraint on the Higgs width (in %) are also given. No requirement on kV is applied in the combination with HL-LHC,
since the lepton colliders provide the necessary access to the Higgs width. Cases in which a particular parameter has been fixed
to the SM value due to lack of sensitivity are shown with a dash (�). An asterisk (⇤) indicates the cases in which there is no
analysis input in the reference documentation, and HL-LHC dominates the combination. The integrated luminosity and running
conditions considered for each collider in this comparison are described in Table 1. Both the initial stage and the full program
of the colliders is considered, with "ILC500" corresponding to ILC250+ILC350+ILC500, "CLIC3000" to
CLIC380+CLIC1500+CLIC3000, and "FCC-ee365" to FCC-ee240+FCC-ee365. FCC-ee/eh/hh corresponds to the combined
performance of FCC-ee240+FCC-ee365, FCC-eh and FCC-hh.

kappa-3 scenario HL-LHC+
ILC250 ILC500 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee365 FCC-ee/eh/hh

kW (%) 1.1 0.29 0.75 0.4 0.38 0.95 0.95 0.41 0.2
kZ(%) 0.29 0.23 0.44 0.39 0.39 0.18 0.19 0.17 0.17
kg(%) 1.4 0.84 1.5 1.1 0.86 1.1 1.2 0.89 0.53
kg (%) 1.3 1.2 1.5⇤ 1.3 1.1 1.2 1.3 1.2 0.36
kZg (%) 11.⇤ 11.⇤ 11.⇤ 8.4 5.7 6.3 11.⇤ 10.⇤ 0.7
kc (%) 2. 1.2 4.1 1.9 1.4 2. 1.6 1.3 0.97
kt (%) 2.7 2.4 2.7 1.9 1.9 2.6 2.6 2.6 0.95
kb (%) 1.2 0.57 1.2 0.61 0.53 0.92 1. 0.64 0.48
kµ (%) 4.2 3.9 4.4⇤ 4.1 3.5 3.9 4. 3.9 0.44
kt (%) 1.1 0.64 1.4 0.99 0.82 0.96 0.98 0.66 0.49

BRinv (<%, 95% CL) 0.26 0.22 0.63 0.62 0.61 0.27 0.22 0.19 0.024
BRunt (<%, 95% CL) 1.8 1.4 2.7 2.4 2.4 1.1 1.2 1. 1.
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kµ (%) 4.2 3.9 4.4⇤ 4.1 3.5 3.9 4. 3.9 0.44
kt (%) 1.1 0.64 1.4 0.99 0.82 0.96 0.98 0.66 0.49

BRinv (<%, 95% CL) 0.26 0.22 0.63 0.62 0.61 0.27 0.22 0.19 0.024
BRunt (<%, 95% CL) 1.8 1.4 2.7 2.4 2.4 1.1 1.2 1. 1.
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Figure 7: Excluded parameter space and projected expected sensitivities at the 2� C.L. of
current and future data, respectively, for stops in the MSSM in the mt̃2

versus mt̃1
plane.

The parameter space formally excluded by current LHC and Tevatron data is shown in dark
gray. It mostly overlaps with the current expected sensitivity in light gray. Future LHC runs
and the proposed future colliders (ILC, CEPC, and FCC-ee/hh) are shown in various colors.

discussed in Section 6.2 and seen in Fig. 5.
In Fig. 8, we show current constraints and projected sensitivities on stops in the MSSM

for various tan �. Note that the constraints are significantly stronger compared to “t̃ & rt”
mostly due to the rt = rc relation in the MSSM. Furthermore, we clearly see that lower
values of tan � provide weaker projected sensitivities. This is because for small tan � we can
vary rt without a↵ecting rb or rV , which are measured very well. We cannot lower tan � too
much without the top Yukawa reaching a Landau pole near the weak scale.

It is worth comparing the MSSM scenario with tan� = 10 in Fig. 8 and the “t̃ & rb”
scenario from Fig. 5 and repeated in Fig. 8. Naively they are very similar given that tan �
is large, which fixes rt = rV = 1, but leaves rb as free parameter. In the “t̃ & rb” scenario,
rb is constrained by hbb̄ only. In the MSSM scenario, it is additionally restricted by h⌧

+
⌧
�

measurements due to the type-II 2HDM structure that restricts rb = r⌧ . The current data
prefers rb < 1, but the additional restriction rb = r⌧ together with the current data preferring
a value for r⌧ just slightly above 1, forces rb to be closer to 1. This results in weaker exclusions
in the MSSM scenario on mt̃. When rb = 1 (as is assumed when calculating the current and
future projected sensitivities), the additional restriction is less important when comparing
the two scenarios.
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Similar picture in studies by
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Figure 4: Excluded parameter space and expected sensitivities at the 2� CL of current and
future data for spin-0 (left), spin-1/2 (middle), and spin-1 (right) top-partners. We assume
that the two spin-0 top partners are degenerate in mass, mt̃1

= mt̃2
⌘ mt̃. We assume that

top partners contribute only in the hgg and h�� loops, there are no modifications of the
Higgs couplings to other SM particles, and there are no exotic or invisible Higgs decays. The
parameter space excluded by current LHC and Tevatron data is shown in dark gray, while
the expected sensitivity of the current data is shown in light gray. Future LHC runs and the
proposed future colliders (ILC, CEPC, and FCC-ee/hh) are shown in various colors.

6.1.2 Comparison of Constraints between Spin-0, Spin-1/2, and Spin-1

To compare constraints on spin-0 particles with constraints on spin-1/2 and spin-1, we focus
on the degenerate direction for spin-0 (mt̃1

= mt̃2
), because our canonical spin-1/2 and spin-1

models only have a single top partner. Recall that along the high-mass spin-0 degenerate
direction, the contributions from the left-handed sbottom and from stopD-terms only matter
at a few-percent level. For the remainder of Section 6, we set g

hb̃1b̃1
= 0, but require that

the choice of stop-sector masses and mixing allow the left-handed sbottom to be real, see
Section 5.1 (note that we include D-term contributions in the stop-sector, i.e., large tan�).

In Fig. 4 we show the current constraints and expected sensitivities for degenerate spin-
0 (left), spin-1/2 (middle), and spin-1 (right) top-partners. The current constraints from
Tevatron and LHC data for these di↵erent spin-states are about 350 GeV, 700 GeV, and
2.2 TeV, respectively. The LHC Run 4 is expected to improve on these by a few hundred GeV,
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Direct searches and measurements (indirect constraints) 
complementary. 
‣ (Higgs) measurements appear not competitive for SUSY. 
‣ Measurement programme may reveal signs of NP at energy 

above directly accessible level ⇒ SM EFT. 
LEP indirect prediction of Higgs mass, 

294 The European Physical Journal Special Topics

Fig. 1.3. Schematic representation of the perturbative expansion for calculating the cross
section for e+e� annihilation into a pair of leptons or quarks (denoted f, for fermions); the
representative higher order diagrams involving quantum loops with a top quark or a Higgs
boson are indicated.

Similarly, the measurements of fermion pair asymmetries allow the determination of
the e↵ective weak mixing angle sin2 ✓e↵

W
, the value of which is predicted in the SM

from the relation:

sin2 ✓e↵

W
cos2 ✓e↵

W
=

⇡↵QED(m2

Z
)

p
2GF m2

Z

⇥ (1 + �), (1.1)

where ↵QED(m2

Z
) is the electromagnetic coupling constant evaluated at the Z pole,

GF is the Fermi constant, and � is a small correction factor that depends on
the top quark and Higgs boson masses via the graphs displayed in Figure 1.3.
The magnitude of the second graph of Figure 1.3 is proportional to the square
of the top quark mass. It is much larger than that of the third one, proportional to
log(mH/mZ), and amounts to about ten times the LEP measurement accuracy. As
a consequence, LEP was able to predict the mass of the top quark within the SM
(assuming that no other particle but the Higgs boson would impact the radiative
corrections) [27]:

mSM

top
= 173+13

�10
GeV. (1.2)

The W boson mass is in turn predicted within the SM from the relation:

mSM

W
=

"
⇡↵QED(m2

Z
)

p
2GF sin2 ✓e↵

W

⇥
1

1��r

# 1

2

, (1.3)

where �r is yet another small correction factor that depends on mtop and mH.
Numerically, the W mass was predicted from the LEP measurements at the Z pole
with a remarkable precision (including the above uncertainty on the top quark mass
and the absence of knowledge of the Higgs boson at the time) [27]:

mSM

W
= 80.362+0.032

�0.031
GeV. (1.4)

By increasing its centre-of-mass energy to above the W+W� production thresh-
old, LEP did measure the W mass directly, in agreement with equation (1.4) and
with a similar precision [28]. The Tevatron later improved this precision by about
a factor two [30], and observed for the first time the top quark [31,32], at the mass
predicted by LEP (Eq. (1.2)) in the context of the standard model and nothing else.
Today, the W boson and top quark masses are directly measured with the following
accuracies [33]:

mdirect

W
= 80.379± 0.012 GeV, (1.5)

mdirect

top
= 173.3± 0.4(exp)± 0.5(theory) GeV. (1.6)

The direct measurements of mW and mtop were then used to determine the
magnitude of the second graph of Figure 1.3, and made the third graph become the

1.1.3 Treatment of systematic uncertainties
It is a significant challenge to predict the expected systematic uncertainties of physics results at the end
of HL-LHC running. It is reasonable to anticipate improvements to techniques of determining systematic
uncertainties over an additional decade of data-taking. To estimate the expected performance, experts in
the various physics objects and detector systems from ATLAS and CMS have looked at current limita-
tions to systematic uncertainties in detail to determine which contributions are limited by statistics and
where there are more fundamental limitations. Predictions were made taking into account the increased
integrated luminosity and expected potential gains in technique. These recommendations were then har-
monised between the experiments to take advantage of a wider array of expert opinions and to allow
the experiments to make sensitivity predictions on equal footing [16, 17]. For theorists’ contributions, a
simplified approach is often adopted, loosely inspired by the improvements predicted by experiments.

General guide-lining principles were defined in assessing the expected systematic uncertainties.
Theoretical uncertainties are assumed to be reduced by a factor of two with respect to the current knowl-
edge, thanks to both higher-order calculation as well as reduced parton distribution functions (PDF)
uncertainties [38]. All the uncertainties related to the limited number of simulated events are neglected,
under the assumption that sufficiently large simulation samples will be available by the time the HL-
LHC becomes operational. For all scenarios, the intrinsic statistical uncertainty in the measurement is
reduced by a factor 1/

p
L, where L is the projection integrated luminosity divided by that of the refer-

ence Run 2 analysis. Systematics driven by intrinsic detector limitations are left unchanged, or revised
according to detailed simulation studies of the upgraded detector. Uncertainties on methods are kept at
the same value as in the latest public results available, assuming that the harsher HL-LHC conditions
will be compensated by method improvements.

The uncertainty in the integrated luminosity of the data sample is expected to be reduced down to
1% by a better understanding of the calibration methods and their stability employed in its determination,
and making use of the new capabilities of the upgraded detectors.

In addition to the above scenario (often referred to as “YR18 systematics uncertainties” scenario),
results are often compared to the case where the current level of understanding of systematic uncertainties
is assumed (“Run 2 systematic uncertainties”) or to the case of statistical-only uncertainties.

1.2 Implications for beyond the Standard Model theories
1.2.1 Heavy new physics: precision tests and effective field theories
Precision measurements provide an important tool to search for heavy BSM dynamics, associated with
mass scales beyond the LHC direct energy reach, exploiting the fact that such dynamics can still have
an impact on processes at smaller energy, via virtual effects. In this context the well-established frame-
work of effective field theories (EFTs) allows to systematically parametrise BSM effects and how they
modify SM processes. Assuming lepton and baryon number conservation, the leading such effects can
be captured by dimension-6 operators,

Le↵ = LSM +
1

⇤
2

X

i

ciOi + · · · (1)

for dimensionless coefficients ci and, for simplicity, a common suppression scale ⇤. Table 1 proposes a
set of operators considered in this report. This set is redundant, in the sense that different combinations of
operators might lead to the same physical effect; moreover this set is not complete, in the sense that there
are more operators at dimension-6 level. In practical applications we will always be interested in iden-
tifying minimal (non-redundant) subsets of operators that contribute to a given process; we will also be
interested that these operators be complete, at least under some well motivated assumption. For instance,
the assumption that new physics only couples to the SM bosons, leads to the universal set of operators,
from the second panel in table 1. Alternatively, the minimal flavour violation assumption [39] provides
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dominant unknown term of the perturbative expansion. As a consequence, the LEP
and Tevatron measurements were able to infer the existence of a Higgs boson and
to predict its mass within the SM:

mSM

H
= 98+25

�21
GeV. (1.7)

The LHC observed the production of the Higgs boson in 2012 for the first time, at
a mass well compatible with this prediction in the context of the standard model and

nothing else. The current overall situation of the standard model fit to the precision
measurements available to date is summarised in Figure 1.4. The fit prediction for
the W mass and the weak mixing angle [34] within the SM, namely

mW = 80.3584± 0.0055mtop
± 0.0025mZ

± 0.0018↵QED

± 0.0020↵S
± 0.0001mH

± 0.0040theory GeV
= 80.358± 0.008total GeV,

sin2 ✓e↵

W
= 0.231488± 0.000029mtop

± 0.000015mZ
± 0.000035↵QED

± 0.000010↵S
± 0.000001mH

± 0.000047theory

= 0.23149± 0.00007total, (1.8)

are also very compatible with the world average of their direct measurements within
current uncertainties:

mW = 80.379± 0.012 GeV, and sin2 ✓e↵

W
= 0.23153± 0.00016. (1.9)

1.2.2 Opportunities at the Z pole

Electroweakly-coupled new physics would appear either as additional/di↵erent con-
tributions to the perturbative expansion of the electroweak observable predictions,
similar to those shown in Figure 1.3, or as modifications of the tree-level couplings
to leptons and quarks. From the agreement between the predictions and the direct
measurements, it follows that the e↵ect of new physics, if any, must be smaller
than the current uncertainties. The next significant step in this quest is therefore to
drastically reduce these uncertainties, typically by one order of magnitude or more.
In this section, it is assumed that theoretical uncertainties can be brought, by the
calculation of missing QED, EW and QCD higher orders within the standard model
and nothing else, to a level similar to, or smaller than, that of the experimental
uncertainties. This issue is addressed briefly in Section 1.5. Numerically, the FCC-
ee is able to deliver about 105 times the luminosity that was produced by LEP at
the Z pole, i.e. typically 1.5⇥1011 Z! µ+µ� or ⌧+⌧� decays and 3⇥1012 hadronic
Z decays. Measurements with a statistical uncertainty up to 300 times smaller than
at LEP (from a few per mil to 10�5) are therefore at hand.

Forward-backward and polarisation asymmetries at the Z pole are a powerful
experimental tool to measure sin2 ✓e↵

W
, which regulates the di↵erence between the

right-handed and left-handed fermion couplings to the Z. With unpolarised incoming
beams, the amount of Z polarisation at production is

Ae =
gL,e

2
� gR,e

2

gL,e
2 + gR,e

2

2ve/ae

1 + (ve/ae)2
,with ve/ae ⌘ 1� 4 sin2 ✓e↵

W
, (1.10)

by definition of the e↵ective weak mixing angle sin2 ✓e↵

W
. The resulting forward-

backward asymmetry at the Z pole amounts to A↵

FB
= 3

4
AeAf . The experimental

‣ Higgs programme may reveal exotic decays, or invisible BF, 
or additional scalars (not sure these fall under direct or indirect searches).
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Theory guidance?

 40

New theoretical directions: dark/hidden 
sectors with feebly interacting particles.

Some feel that a paradigm change is 
required, moving beyond the organising 
principles based on symmetry and 
separation of scales.

Exp.: waiting for guidance from new 
paradigm(s).



T. Eifert - Direct searches for LHC Run 3 and beyond - Workshop at Durham - Sep 2019

Strategy for Run3 and beyond
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How do we explore this landscape? 

10 

I think that our community is  becoming more data-driven. Experimental results will 
have to guide the HEP community to the next stages of exploration.

As long as no clear signs of NP ⇒  
broad and diversified search and measurement programme.
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Large Exotic(s/a) search programme
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Large SUSY search programme @ LHC 
Model Signature
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q̃q̃, q̃→qχ̃
0
1

0 e, µ 2-6 jets Emiss
T 36.1 m(χ̃

0
1)<100 GeV 1712.023321.55q̃ [2×, 8× Degen.] 0.9q̃ [2×, 8× Degen.]

mono-jet 1-3 jets Emiss
T 36.1 m(q̃)-m(χ̃

0
1)=5 GeV 1711.033010.71q̃ [1×, 8× Degen.] 0.43q̃ [1×, 8× Degen.]

g̃g̃, g̃→qq̄χ̃
0
1

0 e, µ 2-6 jets Emiss
T 36.1 m(χ̃

0
1)<200 GeV 1712.023322.0g̃

m(χ̃
0
1)=900 GeV 1712.023320.95-1.6g̃̃g Forbidden

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

3 e, µ 4 jets 36.1 m(χ̃
0
1)<800 GeV 1706.037311.85g̃

ee, µµ 2 jets Emiss
T 36.1 m(g̃)-m(χ̃

0
1 )=50 GeV 1805.113811.2g̃

g̃g̃, g̃→qqWZχ̃
0
1

0 e, µ 7-11 jets Emiss
T 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=200 GeV ATLAS-CONF-2019-0151.15g̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Emiss
T 79.8 m(χ̃

0
1)<200 GeV ATLAS-CONF-2018-0412.25g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=300 GeV ATLAS-CONF-2019-0151.25g̃

b̃1b̃1, b̃1→bχ̃
0
1/tχ̃

±
1

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=1 1708.09266, 1711.033010.9b̃1b̃1 Forbidden

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=BR(tχ̃

±
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±
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χ̃0
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2
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χ̃∓

1 via WW 2 e, µ Emiss
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1)=0 ATLAS-CONF-2019-0080.42χ̃±

1

χ̃±
1
χ̃0

2 via Wh 0-1 e, µ 2 b/2 γ Emiss
T 139 m(χ̃

0
1)=70 GeV ATLAS-CONF-2019-019, ATLAS-CONF-2019-XYZ0.74χ̃±

1 /χ̃
0

2
χ̃±

1 /χ̃
0

2 Forbidden

χ̃±
1
χ̃∓

1 via ℓ̃L/ν̃ 2 e, µ Emiss
T 139 m(ℓ̃,ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2019-0081.0χ̃±

1

τ̃τ̃, τ̃→τχ̃
0
1 2 τ Emiss

T 139 m(χ̃
0
1)=0 ATLAS-CONF-2019-0180.12-0.39τ̃ [τ̃L, τ̃R,L] 0.16-0.3τ̃ [τ̃L, τ̃R,L]

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 jets Emiss
T 139 m(χ̃

0
1)=0 ATLAS-CONF-2019-0080.7ℓ̃

2 e, µ ≥ 1 Emiss
T 139 m(ℓ̃)-m(χ̃

0
1)=10 GeV ATLAS-CONF-2019-0140.256ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 36.1 BR(χ̃

0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 jets Emiss
T 36.1 BR(χ̃

0
1 → ZG̃)=1 1804.036020.3H̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Emiss

T 36.1 Pure Wino 1712.021180.46χ̃±
1

Pure Higgsino ATL-PHYS-PUB-2017-0190.15χ̃±
1

Stable g̃ R-hadron Multiple 36.1 1902.01636,1808.040952.0g̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

Multiple 36.1 m(χ̃
0
1)=100 GeV 1710.04901,1808.040952.4g̃ [τ( g̃) =10 ns, 0.2 ns] 2.05g̃ [τ( g̃) =10 ns, 0.2 ns]

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

χ̃±
1
χ̃∓

1 /χ̃
0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 jets Emiss

T 36.1 m(χ̃
0
1)=100 GeV 1804.036021.33χ̃±

1 /χ̃
0

2 [λi33 ! 0, λ12k ! 0] 0.82χ̃±
1 /χ̃

0

2 [λi33 ! 0, λ12k ! 0]

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 4-5 large-R jets 36.1 Large λ′′

112 1804.035681.9g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV]
Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.0g̃ [λ′′

112
=2e-4, 2e-5] 1.05g̃ [λ′′

112
=2e-4, 2e-5]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05g̃ [λ′′

323
=2e-4, 1e-2] 0.55g̃ [λ′′

323
=2e-4, 1e-2]

t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→qℓ 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 ATLAS-CONF-2019-0061.6t̃1 [1e-10< λ′
23k
<1e-8, 3e-10< λ′

23k
<3e-9] 1.0t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
<3e-9]

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
July 2019

ATLAS Preliminary
√

s = 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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Anything missing in search programmes?

 44

• I am not aware of significant gaps in model / parameter space, 
perhaps not surprising given large community effort (~2 x 3000 exp physicists + 
th community) over past ~decade.


• New triggers for Run3 and beyond may create opportunities … requires good 
ideas and hard work!


• Long-lived particle searches: 

• I am a very excited about the LLP programme, 

• but I often hear: “There’s still a lot of missing analyses / model space to be 

covered”. I have not found many significant ‘holes’.

• For example, SUSY search coverage of LLP appears fairly robust. 

Example, study of sensitivity (gaps) between searches for prompt and long-lived 
particles in ATLAS-CONF-2018-003.


• Exotica offers, as often, many crazy signatures.  Are there signatures that we are 
not yet covering (i.e. completely uncovered ground)? Please let me know if you 
know one!


• New detectors (incl. LHC det. upgrades) can extend BSM reach.

• I haven’t considered much FIPs …

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-003/


T. Eifert - Direct searches for LHC Run 3 and beyond - Workshop at Durham - Sep 2019

Publication cycle

 45

LHC Run1 & Run2: have published ~full search programmes x(2-3) per Run, 
justified by the quick increase in dataset size and step in √s.


LHC Run4 & beyond: I expect 1 round of search publications after Run3 (300 fb-1), 
and then ~every time the dataset size increases by x2-3.
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Reinterpretation: likelihood, unfolding,…

 46

• Our duty to provide and maintain data, procedures and tools to facilitate the re-
interpretation of the beautiful LHC results.

• CMS began to provide “simplified” likelihoods

• ATLAS SUSY publications come with analysis code-snippets, and  

new in 2019: full likelihood as json file (can be used directly by pyhf tool), ATL-
PHYS-PUB-2019-029
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-029/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-029/
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Reinterpretation: likelihood, unfolding,…

 47

• Measurements typically have Rivet routines.

• Should we begin to unfold the phase-space probed by direct searches?

• Added-value but extra work, might not be straight forward in some search 

regions.

• I’d like to see this for all control region, and then see how useful it is in practise. 


• Measurements that extend to more extreme phase space (regime of searches), to 
provide input to EFT fits (e.g. indirect constraints on Z’) appears useful to me.
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Summary

but opportunities for additional discovery potential may be obtained from: 
new detectors, new triggers, improved systematics, new discrimination tools 
and new ideas!

LHC + HL-LHC will continue to be the flagship machine for  
(at least) the next decade.

Large increase of dataset x20-30:  
will increase our current mass reach by 50%-100%

Direct searches and indirect constraints from measurements
complementary in our quest to find hints of new physics.

No magic bullet
⇒ We already have a powerful physics programme.

Privilege to harvest the rich physics from the (HL-)LHC dataset.
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Backup


