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What is the HL-LHC? HL-LHC TDR

https://e-publishing.cern.ch/index.php/CYRM/issue/view/40
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HL-LHC

• Only collected 5% of the LHC lifetime dataset!

• Need to upgrade both LHC, and ATLAS.
but WHO is HL-LHC?

HL-LHC TDRWhat is the HL-LHC?

https://e-publishing.cern.ch/index.php/CYRM/issue/view/40
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Higher Instantaneous Luminosity:
1.8 x 1034 cm-2s-1 → 5 x 1034 cm-2s-1.

Higher Integrated Luminosity:
300 fb-1 → 3000 fb-1. (4 ab-1?).

Many Challenges for ATLAS…
ATLAS Phase-II 

Scoping Document

https://cds.cern.ch/record/2055248/
https://cds.cern.ch/record/2055248/
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Higher Instantaneous Luminosity:
1.8 x 1034 cm-2s-1 → 5 x 1034 cm-2s-1.

Higher Integrated Luminosity:
300 fb-1 → 3000 fb-1. (4 ab-1?).

Higher Pile-Up:
<μ> = 60 → <μ> = 140. (200?).

Many Challenges for ATLAS…
ATLAS Phase-II 

Scoping Document

https://cds.cern.ch/record/2055248/
https://cds.cern.ch/record/2055248/


N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

D. HaydenMSU !9

Higher Instantaneous Luminosity:
1.8 x 1034 cm-2s-1 → 5 x 1034 cm-2s-1.

Higher Integrated Luminosity:
300 fb-1 → 3000 fb-1. (4 ab-1?).

Higher Pile-Up:
<μ> = 60 → <μ> = 140. (200?).

Higher Radiation Doses:
Up to factor 10 increase.

Many Challenges for ATLAS…
ATLAS Phase-II 

Scoping Document

https://cds.cern.ch/record/2055248/
https://cds.cern.ch/record/2055248/


N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

D. HaydenMSU !10

Higher Instantaneous Luminosity:
1.8 x 1034 cm-2s-1 → 5 x 1034 cm-2s-1.

Higher Integrated Luminosity:
300 fb-1 → 3000 fb-1. (4 ab-1?).

Higher Pile-Up:
<μ> = 60 → <μ> = 140. (200?).

Higher Radiation Doses:
Up to factor 10 increase.

Higher Trigger Rates, L1 (Final):
100 kHz (1 kHz) → 1 MHz (10 kHz).

Many Challenges for ATLAS…
ATLAS Phase-II 

Scoping Document

https://cds.cern.ch/record/2055248/
https://cds.cern.ch/record/2055248/
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Higher Instantaneous Luminosity:
1.8 x 1034 cm-2s-1 → 5 x 1034 cm-2s-1.

Higher Integrated Luminosity:
300 fb-1 → 3000 fb-1. (4 ab-1?).

Higher Pile-Up:
<μ> = 60 → <μ> = 140. (200?).

Higher Radiation Doses:
Up to factor 10 increase.

Higher Trigger Rates, L1 (Final):
100 kHz (1 kHz) → 1 MHz (10 kHz).

Higher Computing Resource Needs.

Many Challenges for ATLAS…
ATLAS Phase-II 

Scoping Document

https://cds.cern.ch/record/2055248/
https://cds.cern.ch/record/2055248/
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…And Upgrades to Meet Them!  

https://cds.cern.ch/record/2055248/
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…And Upgrades to Meet Them!

Muon Chambers with Improved 
Readout Granularity / Triggering.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-017/
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…And Upgrades to Meet Them!
High Granularity Timing Detector (HGTD):

2.4 < |η| < 4.3 (5.0?)Muon Chambers with Improved 
Readout Granularity / Triggering.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2018-023/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-017/
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…And Upgrades to Meet Them!

Inner Tracker (ITk):
Completely replace ID with All-Silicon.

Improve Tracking & Cope with Radiation.

High Granularity Timing Detector (HGTD):
2.4 < |η| < 4.3 (5.0?)Muon Chambers with Improved 

Readout Granularity / Triggering.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2018-023/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-017/
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…And Upgrades to Meet Them!

Inner Tracker (ITk):
Completely replace ID with All-Silicon.

Improve Tracking & Cope with Radiation.

High Granularity Timing Detector (HGTD):
2.4 < |η| < 4.3 (5.0?)

LAr & Tile Readout/Power using 
Radiation Tolerant Technology.

Muon Chambers with Improved 
Readout Granularity / Triggering.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2018-023/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-017/
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…And Upgrades to Meet Them!

Inner Tracker (ITk):
Completely replace ID with All-Silicon.

Improve Tracking & Cope with Radiation.

LAr & Tile Readout/Power using 
Radiation Tolerant Technology.

A wide range of 
improvements to 

ATLAS Trigger and 
Data Acquisition.

High Granularity Timing Detector (HGTD):
2.4 < |η| < 4.3 (5.0?)Muon Chambers with Improved 

Readout Granularity / Triggering.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-018/
https://cds.cern.ch/record/2285584/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2018-023/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-017/
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D. HaydenMSU !18

…And Upgrades to Meet Them!

Inner Tracker (ITk):
Completely replace ID with All-Silicon.

Improve Tracking & Cope with Radiation.

High Granularity Timing Detector (HGTD):
2.4 < |η| < 4.3 (5.0?)

LAr & Tile Readout/Power using 
Radiation Tolerant Technology.

High Granularity Muon Chambers, 
Improved Readout/Trigger.

A wide range of 
improvements to 

ATLAS Trigger and 
Data Acquisition.

The following studies are based on a number of methods:

- Smearing of Truth-Level Information.

- Extrapolation of Run-2 performance and results.

- Representative systematics based on Run-2 knowledge.
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ATLAS HL-LHC 
Prospects

Leptonic Searches

qq → W′ → ℓv (ev or μv)

• Improved tracking and calorimetry leads to similar analysis 
performance despite harsher environment conditions.

• Run 2 → HL-LHC Improvement in Mass(~40%), σB(Factor 10).

Searching for Resonances at the HL-LHC:

https://cds.cern.ch/record/2650549
https://cds.cern.ch/record/2650549
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ATLAS HL-LHC 
Prospects

Diboson Searches

• Search with WW/WZ decaying to ℓvqq (resolved/merged).
• Compared current W/Z tagger efficiency to future tagger with 

+50% signal efficiency and +factor 2 background rejection.
- Topologically-clustered calo-jets → track-calocluster jets.
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Figure 6: 95% Upper limit for the HVT W 0 (left), HVT Z 0 (right) and VBF Scalar(bottom) via VBF production.
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Figure 7: Expected luminosity required to observe a 5� signal significance for the HVT W 0 (black), HVT Z 0 (blue)
and GRS (red). The solid curves shows the sensitivity using the current W/Z-tagger and the dashed curves for a
future tagger that has a 50% increased signal e�ciency and a factor 2 increased rejection of background.
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Figure 2: Final m(`⌫ j j) and m(`⌫J) distributions in the resolved (left) and merged (right) signal regions respectively
for the VBF resonance search (top) and ggF/qq̄ resonance search (bottom). Background distributions are separated
into production type. HVT signal for mass 0.5, 1, and 3 TeV are overlayed as dashed curves where appropriate.
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Searching for Resonances at the HL-LHC:

https://cds.cern.ch/record/2645269/
https://cds.cern.ch/record/2645269/
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Heavy Resonance Combinations
• To continue getting the most out of our data, we also combine results!
• At the HL-LHC this will be even more important, to catch small 

excesses across multiple searches with good statistical precision.

Searching for Resonances at the HL-LHC:
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The Issue of PDF Uncertainties
• How can we trust our background estimation at extreme mass?

Searching for Resonances at the HL-LHC:
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Searching for New Physics at the HL-LHC:
The Issue of PDF Uncertainties

• How can we trust our background estimation at extreme mass?

Mass

N
um

be
r o

f E
ve

nt
s

Standard Model (SM) 
Processes
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Searching for New Physics at the HL-LHC:
The Issue of PDF Uncertainties

• How can we trust our background estimation at extreme mass?

Mass
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Resonant 
New Physics
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Searching for New Physics at the HL-LHC:
The Issue of PDF Uncertainties

• How can we trust our background estimation at extreme mass?

Mass
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Resonant 
New Physics

Non-Resonant 
New Physics
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Searching for New Physics at the HL-LHC:
The Issue of PDF Uncertainties

• How can we trust our background estimation at extreme mass?

Mass
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SM

Resonant 
New Physics

Non-Resonant 
New Physics

?

?
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Searching for New Physics at the HL-LHC:
The Issue of PDF Uncertainties

• How can we trust our background estimation at extreme mass?

Mass

N
um

be
r o

f E
ve

nt
s

SM

Resonant 
New Physics

Non-Resonant 
New Physics

?

?

• Especially when looking for non-resonant new physics this 
becomes by far the largest limiting factor.

PDF (M(ℓℓ)) 
Uncertainty @ 3 TeV @ 4 TeV @ 5 TeV @ 6 TeV @ 7 TeV

CT14 10% 20% 26% 40% 52%

NNPDF 10% 20% 40% 100% 250%
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Searching for New Physics at the HL-LHC:
The Issue of PDF Uncertainties

Mass

N
um

be
r o

f E
ve

nt
s

SM

Resonant 
New Physics

Non-Resonant 
New Physics

?

?

PDF (M(ℓℓ)) 
Uncertainty @ 3 TeV @ 4 TeV @ 5 TeV @ 6 TeV @ 7 TeV

CT14 10% 20% 26% 40% 52%

NNPDF 10% 20% 40% 100% 250%

• Especially when looking for non-resonant new physics this 
becomes by far the largest limiting factor.

• Need PDF description / uncertainty to keep up with experiment!
• Lines between Precision Measurements and Searches blur.
• Prospects for improvement from HL-LHC data studied.
• Also bootstrapping techniques to reduce these kind of 

uncertainties in real time → Provide greater feedback.

• How can we trust our background estimation at extreme mass?

https://arxiv.org/abs/1810.03639
https://arxiv.org/abs/1809.09481
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Searching for SUSY at the HL-LHC:
• R-Parity conserving model, with LSP being stable DM candidate.
• Chargino (χ±) → Neutralino (χ0) which exits detector leaving “tracklet”

ATLAS HL-LHC 
Prospects

http://cdsweb.cern.ch/record/2647294
http://cdsweb.cern.ch/record/2647294
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Searching for SUSY at the HL-LHC:
• R-Parity conserving model, with LSP being stable DM candidate.
• Chargino (χ±) → Neutralino (χ0) which exits detector leaving “tracklet”
Tracklet Search Dilepton Search

ATLAS HL-LHC 
Prospects

http://cdsweb.cern.ch/record/2647294
http://cdsweb.cern.ch/record/2647294
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Searching for SUSY at the HL-LHC:
• R-Parity conserving model, with LSP being stable DM candidate.
• Chargino (χ±) → Neutralino (χ0) which exits detector leaving “tracklet”
Tracklet Search Dilepton Search

ATLAS HL-LHC 
Prospects

http://cdsweb.cern.ch/record/2647294
http://cdsweb.cern.ch/record/2647294
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Searching for SUSY at the HL-LHC:
• R-Parity conserving model, with LSP being stable DM candidate.
• Chargino (χ±) → Neutralino (χ0) which exits detector leaving “tracklet”
Tracklet Search Dilepton Search

Large tracking improvements:
- Better quality / shorter tracklets.
- Better fake tracklet rejection.

ATLAS HL-LHC 
Prospects

http://cdsweb.cern.ch/record/2647294
http://cdsweb.cern.ch/record/2647294
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Searching for SUSY at the HL-LHC:
• R-Parity conserving model, with LSP being stable DM candidate.
• Chargino (χ±) → Neutralino (χ0) which exits detector leaving “tracklet”
Tracklet Search Dilepton Search

Large tracking improvements:
- Better quality / shorter tracklets.
- Better fake tracklet rejection.

ATLAS HL-LHC 
Prospects

http://cdsweb.cern.ch/record/2647294
http://cdsweb.cern.ch/record/2647294
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Searching for SUSY at the HL-LHC:
• R-Parity conserving model, with LSP being stable DM candidate.
• Chargino (χ±) → Neutralino (χ0) which exits detector leaving “tracklet”
Tracklet Search Dilepton Search

Improvements also from tracking:
- Increased reconstruction 

efficiency for low pT leptons.

Large tracking improvements:
- Better quality / shorter tracklets.
- Better fake tracklet rejection.

ATLAS HL-LHC 
Prospects
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Figure 13: 95% CL upper limit on the cross-section times branching fraction of H ! 2�d + X as a function of
the �d lifetime, considering 45% dark photon branching ratio to muons. Three di�erent scenario are considered:
300 fb�1after Run-3 (top), 3000 fb�1after HL-LHC (right) and 3000 fb�1after HL-LHC including multi-muon scan
trigger improvement (left).

6 Conclusions

Two new muon trigger algorithms to improve the selection of displaced dark photons decaying to muons
at the HL-LHC have been presented. The performance of the two triggers has been evaluated on MC
simulated events based on a simplified model that predicts the Higgs boson decay to dark photons pairs. A
first trigger, the L0 multi-muon scan trigger, has been designed to improve trigger e�ciency for close-by
muon pairs. Tests on the MC benchmark sample show a gain in e�ciency of ⇠7% with respect to the
baseline selection used in Run-2. A second trigger, the L0 sagitta muon trigger, has been designed to trigger
on displaced non-pointing muons. An e�ciency improvement of ⇠20% is achieved on the benchmark MC
sample with respect to the Run-2 baseline selection.
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• Big issue from collimated muons causing single μ trigger loss.

HL-LHC conditions. The improvement introduced by adopting the new proposed trigger algorithm is also
estimated.

The benchmark model and the simulated MC samples used for this study are presented in Section 2.
The new ATLAS HL-LHC setup and updated detectors are described in Section 3. Section 4 presents a
comparison of the trigger e�ciency on MC signal samples simulated with the Run-2 and HL-LHC setup,
and the new proposed triggers. Prospects of the Run-2 search for dark photon displaced decay to muons for
Run-3 (300 fb�1) and HL-LHC (3000 fb�1) are presented in Section 5. Finally, the results of this study are
summarised in Section 6.

2 Benchmark model and Monte Carlo samples

Among the numerous models predicting �d, one class that is particularly interesting for the LHC features
the hidden sector communicating with the SM through the Higgs portal. The benchmark model used in
this analysis is the Falkowsky-Ruderman-Volansky-Zupan (FRVZ) vector portal model [29, 30]. In the
FRVZ model a pair of dark fermions fd2 is produced in the Higgs boson decay. As shown in Figure 1, the
dark fermion decays in turn to a �d and a lighter dark fermion assumed to be the Hidden Lightest Stable
Particle (HLSP). The dark photon, assumed as vector mediator, mixes kinetically with the SM photon and
decays to leptons or light hadrons. The branching fractions depend on its mass [29, 31, 32]. At the LHC,
these dark photons would typically be produced with large boost, due to their small mass [33, 34], resulting
in collimated structures containing pairs of leptons and/or light hadrons, known as lepton-jets (LJs). If
produced away from the interaction point (IP), they are referred to as "displaced LJs”. The mean lifetime ⌧
of the �d is a free parameter of the model, and is related to the kinetic mixing parameter ✏ [35] by the
relation:

��c⌧ /
 
10�4

✏

!2  100 MeV
m�d

!2

s.

γd 

H 

fd 2 

fd 2 

γd 

HLSP 

HLSP 

ℓ  + 

ℓ  - 

ℓ  + 

ℓ  - 

Figure 1: The Higgs boson decay to hidden particles according to the FRVZ model.

The analysis presented in this note focuses on displaced decays of dark photons into muon pairs, considering
the expected �d decay BR of the FRVZ model [29]. The model assumes a gluon–gluon fusion (ggF)
production mode H! 2�d + X , thus the final results will be presented for di�erent BR(H! 2�d + X ).
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Figure 13: 95% CL upper limit on the cross-section times branching fraction of H ! 2�d + X as a function of
the �d lifetime, considering 45% dark photon branching ratio to muons. Three di�erent scenario are considered:
300 fb�1after Run-3 (top), 3000 fb�1after HL-LHC (right) and 3000 fb�1after HL-LHC including multi-muon scan
trigger improvement (left).

6 Conclusions

Two new muon trigger algorithms to improve the selection of displaced dark photons decaying to muons
at the HL-LHC have been presented. The performance of the two triggers has been evaluated on MC
simulated events based on a simplified model that predicts the Higgs boson decay to dark photons pairs. A
first trigger, the L0 multi-muon scan trigger, has been designed to improve trigger e�ciency for close-by
muon pairs. Tests on the MC benchmark sample show a gain in e�ciency of ⇠7% with respect to the
baseline selection used in Run-2. A second trigger, the L0 sagitta muon trigger, has been designed to trigger
on displaced non-pointing muons. An e�ciency improvement of ⇠20% is achieved on the benchmark MC
sample with respect to the Run-2 baseline selection.
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Figure 13: 95% CL upper limit on the cross-section times branching fraction of H ! 2�d + X as a function of
the �d lifetime, considering 45% dark photon branching ratio to muons. Three di�erent scenario are considered:
300 fb�1after Run-3 (top), 3000 fb�1after HL-LHC (right) and 3000 fb�1after HL-LHC including multi-muon scan
trigger improvement (left).

6 Conclusions

Two new muon trigger algorithms to improve the selection of displaced dark photons decaying to muons
at the HL-LHC have been presented. The performance of the two triggers has been evaluated on MC
simulated events based on a simplified model that predicts the Higgs boson decay to dark photons pairs. A
first trigger, the L0 multi-muon scan trigger, has been designed to improve trigger e�ciency for close-by
muon pairs. Tests on the MC benchmark sample show a gain in e�ciency of ⇠7% with respect to the
baseline selection used in Run-2. A second trigger, the L0 sagitta muon trigger, has been designed to trigger
on displaced non-pointing muons. An e�ciency improvement of ⇠20% is achieved on the benchmark MC
sample with respect to the Run-2 baseline selection.
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• Allows analysis to use a lower pT threshold with reasonable rate.

HL-LHC conditions. The improvement introduced by adopting the new proposed trigger algorithm is also
estimated.

The benchmark model and the simulated MC samples used for this study are presented in Section 2.
The new ATLAS HL-LHC setup and updated detectors are described in Section 3. Section 4 presents a
comparison of the trigger e�ciency on MC signal samples simulated with the Run-2 and HL-LHC setup,
and the new proposed triggers. Prospects of the Run-2 search for dark photon displaced decay to muons for
Run-3 (300 fb�1) and HL-LHC (3000 fb�1) are presented in Section 5. Finally, the results of this study are
summarised in Section 6.

2 Benchmark model and Monte Carlo samples

Among the numerous models predicting �d, one class that is particularly interesting for the LHC features
the hidden sector communicating with the SM through the Higgs portal. The benchmark model used in
this analysis is the Falkowsky-Ruderman-Volansky-Zupan (FRVZ) vector portal model [29, 30]. In the
FRVZ model a pair of dark fermions fd2 is produced in the Higgs boson decay. As shown in Figure 1, the
dark fermion decays in turn to a �d and a lighter dark fermion assumed to be the Hidden Lightest Stable
Particle (HLSP). The dark photon, assumed as vector mediator, mixes kinetically with the SM photon and
decays to leptons or light hadrons. The branching fractions depend on its mass [29, 31, 32]. At the LHC,
these dark photons would typically be produced with large boost, due to their small mass [33, 34], resulting
in collimated structures containing pairs of leptons and/or light hadrons, known as lepton-jets (LJs). If
produced away from the interaction point (IP), they are referred to as "displaced LJs”. The mean lifetime ⌧
of the �d is a free parameter of the model, and is related to the kinetic mixing parameter ✏ [35] by the
relation:
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Figure 1: The Higgs boson decay to hidden particles according to the FRVZ model.

The analysis presented in this note focuses on displaced decays of dark photons into muon pairs, considering
the expected �d decay BR of the FRVZ model [29]. The model assumes a gluon–gluon fusion (ggF)
production mode H! 2�d + X , thus the final results will be presented for di�erent BR(H! 2�d + X ).
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Figure 12: Dijet mass distributions from the truth-level analysis for 2-tag, 3-tag, and 4-tag events in the signal region
for the expected background and signals at the HL-LHC. The multijet background is scaled using either the dijet
(left) or the 4b multijet (right) MC samples. The event yields for signal events at GKK masses of 2.0, 2.5, and
3.0 TeV are scaled up for visibility.
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Figure 1: Expected 95% CL excluded regions on the (m�, mZA ) mass plane for the axial-vector simplified model
with couplings g� = 1 and gq = 0.25, for a luminosity of 300 fb≠1 (left) and 3000 fb≠1 (right). Three contours are
shown in each plot, corresponding to the three di�erent systematic uncertainty scenarios: standard (black), reduced
by a factor 2 (red) and 4 (green). More details in the text.

mZA ⇠ 2.65 TeV. The excluded region that can be obtained by reducing by a factor two (four) all
systematic uncertainties reaches, for low m�, mediator masses of about 2.77 (2.88) TeV.

Small di�erences between systematic uncertainty scenarios are observed when approaching the region
where the decay of the mediator in two WIMPs is o� the mass shell (mZA < 2m�), due to the decrease of
the signal cross-section.

The contributions to sensitivity of experimental and theoretical uncertainties are investigated separately in
Fig. 2 for 300 fb≠1 and in Fig. 3 for 3000 fb≠1. The left (right) plots show the e�ect of reducing by a factor
two and four the e�ect of experimental (theoretical) systematic uncertainties on signal and backgrounds.
The comparison of limit contours in these di�erent systematic scenarios shows that the major impact
to the sensitivity of the monojet search comes from theoretical uncertainties. Among these, V+jets and
diboson uncertainties, as well as theoretical uncertainties on signal processes, are similar in size and give
the leading contributions.

6.2 Discovery power

The discovery potential that can be reached with the integrated luminosities of 300 fb≠1 and 3000 fb≠1

is estimated in terms of the p-value of the background-only hypothesis, p0, evaluated in the asymptotic
approximation [51]. For each mass point, p0 is evaluated after injecting the corresponding signal on top
of the SM background. Results are shown in Fig. 4 for the di�erent scenarios: contours corresponding
to the 3� evidence (5� discovery) are shown with solid (dashed) lines, for each of the tested systematic
uncertainty scenarios.

With an integrated luminosity of 300 fb≠1 (3000 fb≠1) the existence of a dark matter signal described by
the simplified model with an axial-vector mediator, m� = 1 GeV and the coupling choice g� = 1 and
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Figure 12: Dijet mass distributions from the truth-level analysis for 2-tag, 3-tag, and 4-tag events in the signal region
for the expected background and signals at the HL-LHC. The multijet background is scaled using either the dijet
(left) or the 4b multijet (right) MC samples. The event yields for signal events at GKK masses of 2.0, 2.5, and
3.0 TeV are scaled up for visibility.
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Figure 1: Expected 95% CL excluded regions on the (m�, mZA ) mass plane for the axial-vector simplified model
with couplings g� = 1 and gq = 0.25, for a luminosity of 300 fb≠1 (left) and 3000 fb≠1 (right). Three contours are
shown in each plot, corresponding to the three di�erent systematic uncertainty scenarios: standard (black), reduced
by a factor 2 (red) and 4 (green). More details in the text.

mZA ⇠ 2.65 TeV. The excluded region that can be obtained by reducing by a factor two (four) all
systematic uncertainties reaches, for low m�, mediator masses of about 2.77 (2.88) TeV.

Small di�erences between systematic uncertainty scenarios are observed when approaching the region
where the decay of the mediator in two WIMPs is o� the mass shell (mZA < 2m�), due to the decrease of
the signal cross-section.

The contributions to sensitivity of experimental and theoretical uncertainties are investigated separately in
Fig. 2 for 300 fb≠1 and in Fig. 3 for 3000 fb≠1. The left (right) plots show the e�ect of reducing by a factor
two and four the e�ect of experimental (theoretical) systematic uncertainties on signal and backgrounds.
The comparison of limit contours in these di�erent systematic scenarios shows that the major impact
to the sensitivity of the monojet search comes from theoretical uncertainties. Among these, V+jets and
diboson uncertainties, as well as theoretical uncertainties on signal processes, are similar in size and give
the leading contributions.

6.2 Discovery power

The discovery potential that can be reached with the integrated luminosities of 300 fb≠1 and 3000 fb≠1

is estimated in terms of the p-value of the background-only hypothesis, p0, evaluated in the asymptotic
approximation [51]. For each mass point, p0 is evaluated after injecting the corresponding signal on top
of the SM background. Results are shown in Fig. 4 for the di�erent scenarios: contours corresponding
to the 3� evidence (5� discovery) are shown with solid (dashed) lines, for each of the tested systematic
uncertainty scenarios.

With an integrated luminosity of 300 fb≠1 (3000 fb≠1) the existence of a dark matter signal described by
the simplified model with an axial-vector mediator, m� = 1 GeV and the coupling choice g� = 1 and

8

Monojet

… And
 M

an
y M

ore
!dijet
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• The HL-LHC sometimes feels like the distant future - but it’s not!

- Understand BSM searches in this regime and prepare.

- Prospect studies show great potential for increased sensitivity.

Conclusions
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• The HL-LHC sometimes feels like the distant future - but it’s not!

- Understand BSM searches in this regime and prepare.

- Prospect studies show great potential for increased sensitivity.

• We also need to keep thinking about the bigger picture.

- Combinations of results can boost sensitivity even further.

- Eventually cross-collaboration, cross-HEP combinations?

Conclusions



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

D. HaydenMSU !41

Conclusions

• The HL-LHC sometimes feels like the distant future - but it’s not!

- Understand BSM searches in this regime and prepare.

- Prospect studies show great potential for increased sensitivity.

• We also need to keep thinking about the bigger picture.

- Combinations of results can boost sensitivity even further.

- Eventually cross-collaboration, cross-HEP combinations?

• Be wary of potential pit falls.

- What would a discovery at the HL-LHC look like?

- Need to work closely with the theory community.
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Thank you for listening!

Questions?


