
between the two experiments.
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Fig. 65: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+background fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standalone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.

The combined minimum negative-log-likelihoods are shown in Figure 66. The 68% Confidence
Intervals for � are 0.52  �  1.5 and 0.57  �  1.5 with and without systematic uncertainties
respectively. The second minimum of the likelihood is excluded at 99.4% CL. A summary of the 68%
CI for each channel in each experiment, as well as the combination are shown in Figure 66b.

3.3 Double Higgs measurements and trilinear coupling: alternative methods
3.3.1 Prospects for hh ! (bb̄)(WW

⇤) ! (bb̄)(`+`
�
⌫`⌫̄`)

39

In this section, we discuss the discovery prospects for double Higgs production in the hh ! (bb̄)(WW ⇤
)

channel. In order to increase sensitivity in the di-lepton channel [294, 295, 296], we propose a novel
kinematic method, which relies on two new kinematic functions, Topness and Higgsness [297]. They
characterise features of the major (tt̄) background and of hh events, respectively. The method also
utilises two less commonly used variables, the subsystem MT2 (or subsystem M2) [298, 299, 300] for
tt̄ and the subsystem

p
ŝmin (or subsystem M1) [301, 302, 300] for hh production. For any given event,

Topness [303, 297] quantifies the degree of consistency to di-lepton tt̄ production, where there are 6
unknowns (the three-momenta of the two neutrinos, ~p⌫ and ~p⌫̄) and four on-shell constraints, for mt, mt̄,
m

W
+ and m

W
� , respectively. The neutrino momenta can be fixed by minimising the quantity

�2
ij ⌘ min

/~pT =~p⌫T +~p⌫̄T

2
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39 Contacts: J. Han Kim, M. Kim, K. Kong, K.T. Matchev, M. Park
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Higgs boson self-coupling

K. Nikolopoulos / Higgs2020, 29 October 2020 / Higgs boson pair-production at the HL-LHC 

 Electro-weak symmetry breaking foundation of SM 
 Details have cosmological implications 
 What is the source of symmetry breaking? 
 Does the Higgs potential have the SM postulated shape? 
 Is there a Bardeen–Cooper–Schrieffer theory for our  
Landau-Ginzburg model? 

 Higgs self-coupling probes shape of potential 
 Sensitive to new physics! 

 Trilinear and Quartic self-couplings in the SM 
 Trilinear coupling probed through HH production 
 Quartic coupling further suppressed

λHHH = 3m2
H /υ λHHHH = 3m2

H /υ2

 Indirect approaches to probe Higgs boson self-coupling 
 Single Higgs boson production rate and differential distributions 
 Sensitive to trilinear H coupling  through loops 
 See talk by S. P. Jones

https://indico.cern.ch/event/900384/contributions/3998880/
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HH production

K. Nikolopoulos / Higgs2020, 29 October 2020 / Higgs boson pair-production at the HL-LHC 

 HH production is rare! 
  
 Gluon fusion dominates production 

 SM cross-section ~37fb @ 14TeV  
 ~90% of total 

 Gluon fusion → Two contributions  
 Direct amplitude:  
 Indirect amplitude:  
 Destructive interference  

 Kinematics depend on Higgs self-coupling 
 Additional handle to  

 HH: multiple final states 
 H→bb is the protagonist 

σHH ≈ σH /1500

∼ κλκt
∼ κ2

t

κλ

“Direct” amplitude

“Indirect” amplitude

JHEP06(2019)066

κt

κt

κt

κλ =
λHHH

λSM
HHH
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Experimental state-of-the-art

K. Nikolopoulos / Higgs2020, 29 October 2020 / Higgs boson pair-production at the HL-LHC 

PRL 122 (2019) 121803PLB 800 (2020) 135103

 Broad range of final states already explored 
 Results with  corresponding to 1/4 of the available Run 2 dataset 

 Further improvements expected, including Run 3 ( ) 
 Details and latest results in talks by E. Brost and A. Bethani

∼ 35 fb−1

∼ 350 fb−1

PLB 800 (2020) 135103 PRL 122 (2019) 121803

https://indico.cern.ch/event/900384/contributions/3998878/
https://indico.cern.ch/event/900384/contributions/3998879/
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High Luminosity LHC

K. Nikolopoulos / Higgs2020, 29 October 2020 / Higgs boson pair-production at the HL-LHC 

 Extensive upgrades to accelerator complex to maximise physics reach 
 3000 fb-1 at 14 TeV (ultimately 4000 fb-1) 
 Instantaneous luminosity:  (ultimately )  
 Proton interactions per bunch crossing:  (ultimately ) 

 Broad physics program: SM, Higgs, top-quark, flavour, BSM searches 
 Study of Higgs boson self-coupling  
 Detailed measurements of Higgs boson properties 
 Searches for extended scalar sectors 

 Physics prospects updated for European Strategy for Particle Physics 
 Assuming 3000 fb-1

5 × 1034 cm−2s−1 7.5 × 1034 cm−2s−1

< μ > ∼ 140 < μ > ∼ 200

CERN-LPCC-2019-01
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High Luminosity LHC

K. Nikolopoulos / Higgs2020, 29 October 2020 / Higgs boson pair-production at the HL-LHC 

VBF H production at  < μ > = 200
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ATLAS and CMS HL-LHC Upgrades

K. Nikolopoulos / Higgs2020, 29 October 2020 / Higgs boson pair-production at the HL-LHC 

Muons: ATLAS-TDR-026 
• Upgraded front-end & on-/off-detector readout/trigger electronics 
• Additional RPC trigger chambers for |η|<1 
• New trigger chambers RPC for |η|<1 and sMDTs 
• Barrel recision measurements at trigger 
• New Small Wheel 
• High-η tagger (up to |η| < 4 still) considered 

Trigger/DAQ: ATLAS-TDR-029 
• Single L0 hardware trigger  
• 1MHz output and 10µs latency 
• 10kHz event data sent to storage 

with improved EF CPU-based farm

Inner Detector: ATLAS-TDR-025, 
ATLAS-TDR-030 
• New all-silicon Inner TracKer (ITk) 
• Improved |η| coverage 2.5 → 4

Calorimeters: ATLAS-TDR-027,  
ATLAS-TDR-028 
• New read-out electronics 
• Higher granularity at trigger

High Granularity Timing Detector: 
ATLAS-TDR-031 
• 2.4<|η|<4.0 
• 30ps timing resolution 
• Pile-up suppression

 Maintain detector performance 
 efficiency/rejection and resolution 

 Extend η coverage 
 Upgrade trigger systems  

 Bandwidth/latency & info granularity 
 Single e/µ pT threshold: 27/27 (current) → 22/20 GeV 
 Maintain di-γ, di-tau and multi b-jet trigger thresholds 

 Additional challenges: CPU, Sim, Disk space
4

Arnaud Duperrin A. Duperrin / Lomonosov 2019 August 22, 2019

Muons: ATLAS-TDR-026
• New trigger chambers RPC for K<1.
• Incorporation of precision tracking chambers 

sMDT into trigger decision + new readout elect.
• New small wheel

Options:
• High Granularity Timing Detector (forward) - Proposal
• High muon-K detector (2.7<K<4) - TDR

Trigger/DAQ: ATLAS-TDR-029
• single-level L0 hardware trigger with a 

maximum rate of 1 MHz and 10 Ps latency.
• 10 kHz event data sent into storage with 

improved EF CPU-based processing farm.

Inner Tracker: ATLAS-TDR-025, ATLAS-TDR-030
• New silicon strip and pixel detectors (Itk)
• K<4.0 with a lower material budget than in 

Run 2 

LAr Calorimeter: ATLAS-TDR-027
• New readout electronics
• Higher granularity

Tile Calorimeter: ATLAS-TDR-028
• New readout electronics
• Data will be digitised at 40MHz.

Barrel calorimeters: CMS-TDR-015
• ECAL and HCAL new Back-End boards.
• ECAL crystal granularity readout at 40 MHz with precise 

timing IRU�H�Ǆ�at 30 GeV.
• Lower ECAL operating temperature (8o C). 

Trigger/DAQ: CMS-TDR-017, CMS-TDR-018
• Two-level L1/HLT trigger strategy
• L1: output of 750 kHz, 12.5 Ps latency, include tracking 

and high granularity calorimeter Pflow-like information.
• HLT output at 7.5 kHz

Muons: CMS-TDR-016 
• Replace DT & CSC with new FE/BE readout.
• RPC link-board.
• &RPSOHWH�ZLWK�QHZ�*(0�53&�IRU�����ǆ�����
• ([WHQGHG�FRYHUDJH� WR�ǆ���

Endcap calorimeters: CMS-TDR-019
• 3D showers and precise timing.
• Si, Scint+SiPM in Pb/W-SS at -30o C.
• Rad tolerante – high granularity.

Tracker: CMS-TDR-014
• Si-Strip and Pixels high granularity with less material.
• Design for tracking in L1-Trigger.
• Extended coverage to ǆ���

MIP Timing detector: CERN-LHCC-2017-027
• Reconstruct the timing of particles (30 ps resolution).
• Sensitive to minimum ionizing particles MIP.
• Barrel layer: Crystals + SiPMs
• Endcap layer: Low Gain Avalanche Diodes

� Extend the K coverage.
� Improve the trigger 

systems.
� Computational 

challenge on CPU and 
disks for HL-LHC.

ATLAS and CMS Detector HL-LHC Upgrades
• The overall upgrade strategy is described in detail in the various ATLAS/CMS-TDR of each systems:

Trigger/DAQ: CMS-TDR-017, CMS-TDR-018) 
• L1: 750 kHz output and 12.5µs latency; 

tracking/high granularity (Pflow-like) 
calorimeter information,  

• HLT: 7.5 kHz output

Muons: CMS-TDR-016 
• DT & CSC upgraded front-end electronics  
• Endcap new RPCs and GEM 
• Acceptance to |η| < 2.8

Barrel Calorimeters: CMS-TDR-015 
• ECAL/HCAL electronics upgrade 
• ECAL crystal-level granularity at 40 MHz 

with precision timing 
• Lower ECAL operating temperature

Endcap Calorimeters: CMS-TDR-019 
• HGCal combined ECAL/HCAL 
• 3D shower/precision timing ECAL/

MIP Timing Detector: 
CERN-LHCC-2017-027 
• Positioned between 

tracker and ECAL 
• 30 ps timing for |η|<3.0 
• Pile-up suppression

Tracker: CMS-TDR-014 
• New silicon tracker (strips/pixels) 
• Extended coverage to |η|<4.0 
• Tracking at L1 trigger
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Expected Detector Performance

K. Nikolopoulos / Higgs2020, 29 October 2020 / Higgs boson pair-production at the HL-LHC 

Table 6: Expected jet energy scale (JES) uncertainties at the HL-LHC in the “baseline” and “optimistic” scenarios.

Uncertainity component Percentage Uncertainty Percentage Uncertainty
(Baseline Estimate) (Optimistic Estimate)

Absolute JES scale 1% - 2% 1% - 2%
Pileup 0 - 4% 0 - 2%

JET flavour composition 0 - 1% 0 - 0.5%
JET flavour response 0 - 1.5% 0 - 0.8%

4.9 Flavour tagging

Flavour tagging benefits from the excellent tracking and ⌘ coverage of the ITk detector. A multivariate
algorithm [17] has been re-tuned for the expected ATLAS Phase-II detector and its performance assessed.
The light-jet rejection versus b�jet e�ciency is shown in various slices of ⌘ in Figures 16(a) and 16(b)
along with a comparison with Run 2 performance.

The performance in tt̄ with hµi = 200 is shown for light-jet rejection and c-jet, b-jet and pileup-jet
e�ciency in Figure 17 for the working point with an average b-jet e�ciency of 70%. In the benchmark
channel with HH ! ��bb, the purity of b-jets when both jets are tagged is at the level of 97%.

The expected flavour tagging uncertainties have been derived extrapolating current performance and taking
into account new methods that may be used in the future, especially at high-pT and large ⌘. The expected

(a) (b)

Figure 16: Performance of the MV2 b-tagging algorithms in tt̄ events with 200 pileup for the ITk layout. Results
are shown for 50⇥50 µm2 pixels, using digital clustering in the reconstruction. For comparison purposes, the
performance for ATLAS during Run 2 with an average of 30 pileup events is shown as crosses. The rejection of (a)
light-flavour jets and (b) c-jets for di�erent ⌘ regions is shown as a function of b-jet e�ciency. Figures 3.21(b) and
3.23(b) from the Pixel Detector TDR. [5]

19

1.1. Expected performance of the ATLAS detector (ATL-PHYS-PUB-2019-005)

Report on the Physics at the HL-LHC and Perspectives for the HE-LHC Page 20

 Detector performance: cornerstone for physics reach 
 HH analyses span all physics objects 
 Expected performance of upgraded detector 

 Estimated with detailed full simulations 
  considered to obtain conservative estimates< μ > ∼ 200

b-tagging efficiency vs light-jet rejection

ATL-PHYS-PUB-2019-005
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Figure 14: The photon efficiency as a function of the photon-misidentification probability in
simulated g+ jets events for the BDT training described in the text. Signal photons are matched
within DR < 0.1 to isolated photons generated within the kinematic phase space pT > 25 GeV
and 1.6 < |h| < 2.8. Misidentified photons are defined as reconstructed photons found in
the same kinematic phase space but not matched to an isolated generated photon. The perfor-
mance of a Run 2 selection criteria-based identification is also presented, evaluated on a similar
sample of g+ jets events produced using the Run 2 conditions (25 PU at

p
s = 13 TeV). Taken

from Ref. [8].
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Figure 15: The photon reconstruction efficiency, identification efficiency, and misidentification
probability, for two identification working points, as a function of the generated photon |h|

(left) and pT (right). The photon reconstruction efficiency is defined as the efficiency for which
a reconstructed photon is found within DR < 0.1 of a generated prompt photon. Identification
efficiencies for signal photons are relative to the generated prompt photon. Misidentified pho-
tons are defined as reconstructed photons not matched to an isolated generated photon. Taken
from Ref. [8].

1.2. Expected physics object performance with the upgraded CMS detector (CMS-NOTE-2018-006)

Report on the Physics at the HL-LHC and Perspectives for the HE-LHC Page 36

endcap photon efficiency vs jet rejection
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HH prospects at HL-LHC

K. Nikolopoulos / Higgs2020, 29 October 2020 / Higgs boson pair-production at the HL-LHC 

3.2.2 Measurements with the CMS experiment37

The work described in this section studies the prospects for HH production at the HL-LHC with the CMS
experiment. The five decay channels bbbb, bb⌧ ⌧ , bbWW (WW ! `⌫`0⌫ 0 with `, `0

= e, µ), bb�� , and
bbZZ (ZZ ! ```0`0 with `, `0

= e, µ) are explored. The corresponding branching fractions and the total
number of HH events expected to be produced at the HL-LHC assuming

p
s = 14 TeV and an integrated

luminosity of 3000 fb
�1 are reported in Table 55.

A short description of the analysis strategy and of the results is given here, and further details can
be found in Ref. [290].

Table 55: Branching fraction of the five decay channels considered in the CMS HH prospects, and
corresponding number of events produced at the end of HL-LHC operations assuming

p
s = 14 TeV

and an integrated luminosity of 3000 fb
�1. The symbol ` denotes either a muon or an electron. In

the bbWW decay channel, ` from the intermediate production of a ⌧ lepton are also considered in the
branching fraction.

Channel bbbb bb⌧ ⌧ bbWW(`⌫`⌫) bb�� bbZZ(````)
B [%] 33.9 7.3 1.7 0.26 0.015
Number of events 37000 8000 1830 290 17

A parametric simulation based on the DELPHES [13] software is used to model the CMS detec-
tor response in the HL-LHC conditions. The DELPHES simulation accounts for the effects of multi-
ple hadron interactions (“pileup”) by overlaying simulated minimum-bias events with on average 200
interactions per bunch crossing. The performance of reconstruction and identification algorithms for
electrons, muons, tau decays to hadrons (⌧ h) and a neutrino, photons, jets (including the identifica-
tion of those containing heavy flavour particles), and the missing transverse momentum vector ~pmiss

T is
parametrised based on the results obtained with a full simulation of the CMS detector and dedicated
reconstruction algorithms.

3.2.2.1 The HH ! bbbb channel

While characterised by the largest branching fraction among the HH final states, the bbbb decay channel
suffers from a large contamination from the multi-jet background that makes it experimentally challeng-
ing. Two complementary strategies are explored here to identify the signal contribution. For those events
where the four jets from the HH ! bbbb decay can all be reconstructed separately, also referred to as
the “resolved” topology, the usage of multivariate methods is explored to efficiently identify the signal
contribution in the overwhelming background. In cases where the invariant mass of the HH system,
mHH, is large, the high Lorentz boost of both Higgs bosons may results in a so-called “boosted” event
topology where the two jets from a H ! bb decay overlap and are reconstructed as a single, large-area
jet. Resolved topologies correspond to the large majority of SM HH events, giving the largest sensitiv-
ity on this signal. Boosted topologies help to suppress the multi-jet background and provide sensitivity
to BSM scenarios where the differential HH production cross section is enhanced at high mHH by the
presence of ggHH and ttHH effective contact interactions.

In the resolved topology, events are pre-selected by requiring four jets with pT > 45 GeV and
|⌘| < 3.5 that satisfy the medium b-tagging working point, corresponding to a b jet identification effi-
ciency of approximately 70% for a light flavour and gluon jet mis-identification rate of 1%. Triggers are
assumed to be fully efficient in the phase space defined by this selection. In scenarios where the minimal

37 Contacts: A. Benaglia, M. Bengala, O. Bondu, L. Borgonovi, S. Braibant, L. Cadamuro, A. Carvalho, C. Delaere, M.
Delcourt, N. de Filippis, E. Fontanesi, M. Gallinaro, M. Gouzevitch, J. R. Komaragiri, D. Majumder, K. Mazumdar, F. Monti,
G. Ortona, L. Panwar, N. Sahoo, R. Santo, G. Strong, M. Vidal, S. Wertz

104

Per experiment at 3000 fb-1

 Final states explored: 
 bbbb, bbττ, bbγγ, bbWW(→lvlv), bbZZ(→4l)

 Systematic uncertainties crucial but difficult to predict 
 General guidelines; harmonised between ATLAS and CMS 

 Ignore MC statistical uncertainties 
 Theory uncertainties reduced by 50%  
 Detector-related uncertainties unchanged or revised from performance studies 
 Uncertainties on methods unchanged

JHEP 02(2014)057

 Strategy 1: Extrapolation of existing results 
 Account for  and, partially, detector performance 
 Full detail of published result  
 ATLAS: bbbb, bbττ  

 Strategy 2: Parametric simulation 
 Analysis design/optimisation 
 Generator-level smearing/corrections; pile-up event overlay 
 ATLAS bbγγ; CMS DELPHES parametric simulation

s



 ATLAS 
 Extrapolated “Resolved” 2016 data analysis 

 4 jets pT>40 GeV and |η|< 2.5 (εb=70%) 
 σΗΗ<13.0(20.7)xSM at 95% CL (27.5 fb-1) 
 Cut-based 

 Jet reco unchanged, εb+=8% 
 Main systematic: data-driven QCD background 

 Used Run 2 uncertainties (conservative) 
 CMS  

 4 jets pT>45 GeV and |η|< 3.5  
 b-tagging: ε=70%;1% light-flavour mis-tag rate 
 SM signal efficiency ~3.9% 
 S/B  

 Final Discriminant 
 ATLAS: mHH 
 CMS: Boosted Decision Tree

∼ 1 × 10−4

10

HH→bbbb

K. Nikolopoulos / Higgs2020, 29 October 2020 / Higgs boson pair-production at the HL-LHC 

 Two analysis regimes 
 “Resolved” 
 “Boosted”( ) mostly sensitive to BSMmHH ≳ 1 TeV

ATL-PHYS-PUB-2018-053

FTR-18-019
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HH→bbbb

K. Nikolopoulos / Higgs2020, 29 October 2020 / Higgs boson pair-production at the HL-LHC 

ATLAS 
 σΗΗ< 3.3 (1.4)xSM 95% CL 
 significance 0.62 (1.4)σ 

 CMS 
σΗΗ< 2.1 (1.6)xSM 95% CL  
significance 0.95 (1.2)σ 

 Major Challenges 
 Trigger thresholds 

 Run 2 trigger thresholds assumed 
 Background modelling

ATL-PHYS-PUB-2018-053 ATL-PHYS-PUB-2018-053

FTR-18-019 FTR-18-019

 Statistical Only in Parenthesis
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HH→bbττ

K. Nikolopoulos / Higgs2020, 29 October 2020 / Higgs boson pair-production at the HL-LHC 

 τhadτhad and τlepτhad considered 
 Triggers 

 di-τhad-vis  
 single lepton & lepton-plus-τhad-vis   

 ATLAS 
 Extrapolated Run 2 analysis (36.1 fb-1) 
 σΗΗ<12.7 (14.8)xSM at 95% CL 

 CMS  

  
 b-jets pT>30 GeV and |η|<2.4 
 S/B:  

 τlepτhad:    
 τhadτhad:  

 Final Discriminant 
 ATLAS: BDT (adaptive binning) 
 CMS: 10 fully-connected DNN (ensemble) 

 3 hidden layers × 100 neurons 
 52 variables

5. HH ! bbtt 13

Table 2: Kinematic requirements (pT, h, and isolation) of electrons, muons, and hadronic taus.
The hadronic tau requirements are listed according to the final states considered.

Lepton Min. pT [ GeV ] Max. |h| Max. iso [ GeV ]

Primary µ 23 2.1 0.15
Primary e 27 2.1 0.1
Veto e/µ 10 2.4 0.3

Hadronic tau Min. pT [ GeV ] Max. |h|
`thbb (` = e, µ) 20 2.3
ththbb 45 2.1

• µth: exactly one primary muon with no additional muons or electrons that satisfy
looser veto selections, and at least one th of opposite charge to the primary muon;

• eth: exactly one primary electron with no additional muons or electrons that satisfy
looser veto selections, and at least one th of opposite charge to the primary electron;

• thth: exactly zero veto muons or electrons and at least two th of opposite charge to
one another. In case of multiple possible choices of th candidate, the highest pT ones
are selected.

Events in all the three categories above are also required to contain at least two b-tagged jets
with pT > 30 GeV, |h| < 2.4. After these selections, about 100, 70 and 60 SM HH signal events
are expected in the µth, eth, and thth decay channels respectively. The corresponding total
number of background events for the three channels are, respectively, 4.3 ⇥ 106, 2.9 ⇥ 106, and
1.25 ⇥ 103, mostly dominated by tt and Drell-Yan tt production.

The selected visible tt decay products, the b jets, and the missing transverse momentum are
used to build the two Higgs boson candidates. The Htt candidate is defined as the sum of the
four momenta of the selected lepton and th in the µth and eth final states, and as the sum of the
two th four momenta in the thth final state, plus the vector of missing momentum projected
onto the plane transverse to the beam axis. Similarly, the Hbb candidate is defined as the sum
of the four momenta of the two selected b jets. Finally, the four momentum of the HH system
is computed as the vector sum of the selected object four momenta plus the vector of missing
momentum projected onto the plane transverse to the beam axis.

5.2 DNN discriminant

5.2.1 Input variables to the neural network discriminant

Kinematic properties of the selected events in each of the three bbtt final states are used to
develop a neural network discriminant that is capable of separating the signal contribution
from the background processes. A total of 52 input variables, also denoted as features, are used
in this study. They are split into basic (27), high-level/reconstructed (21), and high-level/global (4)
features. The specific choice of the input variables, as described below, was chosen since these
proved to give the best discriminator performance, while other features could be implicitly
computed by the network.

In what follows, t0 is defined as the th in `thbb events and as the highest pT th candidate in
ththbb events, while t1 is defined as the other selected lepton or th. Additionally, we label the
highest pT b jet as b0 and the other as b1.

∼ 2 × 10−5

∼ 0.05

ATL-PHYS-PUB-2018-053

FTR-18-019

ATLAS Run 2  
pT > 35/25 GeV
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HH→bbττ

K. Nikolopoulos / Higgs2020, 29 October 2020 / Higgs boson pair-production at the HL-LHC 

 ATLAS 
 σΗΗ< 0.99 (0.80)xSM 95% CL 
 significance 2.1 (2.5)σ 

 CMS 
 σΗΗ< 1.4 (1.3)xSM 95% CL 
 significance 1.4 (1.6)σ 

 Major Challenges 
 Trigger thresholds 
 Systematic uncertainties ATL-PHYS-PUB-2018-053
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Figure 15: Expected 95% CL upper limit on �HH/�SM

HH
, as a function of the minimum pT thresholds for the leading

and sub-leading ⌧had-vis. Systematic uncertainties are not taken into account and the results are shown for two
di�erent BDT classifiers, the nominal BDT classifier in the left plot and the BDT classifier trained on the � = 20
signal in the right plot.

bb̄⌧+⌧� sub-channel. However, thanks to upgrades of several trigger systems, the expected performance
of ⌧had-vis triggers at the HL-LHC [30] should allow the analysis to maintain o�ine pT thresholds of
40 (30) GeV on the leading (sub-leading) ⌧had-vis, with the additional advantage of no longer needing to
require the presence of an additional jet at Level 1.

The impact of increasing the leading and sub-leading ⌧had-vis pT thresholds has been studied by repeating
the analysis for several variations of the minimum ⌧had-vis pT requirements, as illustrated in Figure 15. The
requirement that DTT events contain an additional jet with o�ine pT > 80 GeV (as described in Section
3.1 and Ref. [24]) has to be maintained as otherwise the extrapolation of the estimated background would
not be valid. The expected 95% CL upper limit on the SM Higgs-boson-pair production cross-section was
extrapolated to 14 TeV and 3000 fb�1, for each of the considered trigger scenarios, using the procedure
previously described, without considering the impact of systematic uncertainties, as shown on the left
plot of Figure 15. The sensitivity to the Higgs boson self-coupling is a�ected more by raising the pT
thresholds, compared to the overall SM Higgs-boson-pair production process. For this reason the study is
repeated with a BDT classifier trained to be sensitive to the Higgs boson self-coupling production mode,
as was used to perform the � scan. The results are shown on the right plot of Figure 15.

In a pessimistic scenario where the leading and sub-leading minimum ⌧had-vis pT thresholds are required
to be 70 and 60 GeV respectively (and the additional jet requirement is maintained), the upper limit on the
HH cross-section degrades by about 30% compared to the result obtained with the Run 2 thresholds. In
the case where the BDT is trained on the � = 20 sample, this e�ect is even more pronounced and the limit
degrades by about 60% compared to the Run 2 thresholds. It is important to note that the requirement of
an additional jet with pT > 80 GeV to a large extent masks the e�ect of raising the leading ⌧had-vis pT, and
the degradation is expected to be even larger when comparing triggers that do not include the additional
jet requirement.

23

3.6. Prospects for HH measurements (ATL-PHYS-PUB-2018-053)

Report on the Physics at the HL-LHC and Perspectives for the HE-LHC Page 592

ATL-PHYS-PUB-2018-053

Source Uncertainty (%)
Total ±52
Data statistics ±43
Simulation statistics ±0
Total systematic uncertainty ±30

Experimental uncertainties
Luminosity ±4.3
Pile-up reweighting ±7.0
⌧had-vis ±13
Fake-⌧had-vis estimation ±8.3
b- tagging ±8.1
Jets and E

miss
T ±3.5

Electron and muon ±5.1
Total experimental uncertainties ±18

Theoretical and modelling uncertainties
Top ±6.6
Signal ±8.6
Z/�⇤ ! ⌧+⌧� ±11
SM Higgs boson ±8.5
Other backgrounds ±4.4
Total theoretical and modelling uncertainties ±17

Table 5: The percentage uncertainties on the simulated SM HH signal strength, i.e. the simulated SM HH yield
assuming a cross-section times branching fraction equal to the 95% CL expected limit in the baseline scenario.
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above, candidates satisfying the highest b tagging criteria are preferred. In case ambiguities in
the choice persist, the higher pT objects are selected. The background from light flavour jets is
suppressed by requiring both jets to satisfy the loose working point of the b tagging algorithm,
corresponding roughly to a 90% efficiency for a genuine b-jet and 10% of fake rate from jets
initiated by light quarks or gluons. In addition, the dijet invariant mass mjj is required to be
between 80 and 190 GeV.

Table 4: Photon and jet kinematic selections.

Photon selections

pT/mgg > 1/3 (leading g), > 1/4 (subleading g)
|h| < 1.44 or 1.57 < |h| < 2.5
100 GeV < mgg < 180 GeV

Jet selections

pT > 25 GeV
|h| < 2.5
DRgj > 0.4
80 GeV < mjj < 190 GeV
At least 2 b-tagged jet (loose WP)

The invariant mass of the ggjj system is denoted as mggjj. The jet and photon resolution effects
in mggjj are mitigated by defining the variable MX as:

MX = mggjj � mgg � mjj + 250 GeV (3)

After such kinematic preselections, the main background contribution comes from nonreso-
nant diphoton events. The main resonant backgrounds consist of Higgs boson production in
association with two top quarks (ttH), as expected because of their topology that is very similar
to the signal. This background source is suppressed with the usage of a dedicated multivariate
discriminant, consisting of a BDT trained to separate the HH and ttH processes. The discrim-
inant combines twelve variables related to the presence of additional jets, electrons or muons,
as well as the helicity angles of the HH and bb̄ systems. A selection is applied on the output of
the discriminant, rejecting approximately 75% of the ttH contamination for a signal efficiency
of 90%. The selection on the BDT output was optimized based on the expected significance for
the SM HH signal hypothesis.

7.2 Event categorization

A categorization based on a multivariate discriminant is performed. A BDT is trained to dis-
criminate the signal from the sum of background processes. The ttH process is not considered
because of the dedicated ttH discriminant described above. The variables used for the BDT
training are:

• minimum angular distance between the selected jets and the selected photons. This
variable is expected to reject collinear photon emission from a quark characteristic
of QCD processes.

• angle between the diphoton object and the beam axis in the ggjj rest-frame.
• angle between the leading selected jet and the beam axis in the dijet rest-frame.

FTR-18-019

CMS bbγγ object preselection

FTR-18-019

 ATLAS MVA 
 BDT (21 variables) 

 CMS MVA 
 BDT against ttH (12 variables) 
 BDT against background (15 variables) 

 Final Discriminant 
 ATLAS: mbbγγ 
 CMS: 2D-fit mγγ and mbb  

 6 categories (mHH and purity)
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 ATLAS 
 σΗΗ< 1.2 (1.1)xSM 95% CL 
 significance 2.0 (2.1)σ 

 CMS 
 σΗΗ< 1.1 (1.1)xSM 95% CL 
 significance 1.8 (1.89)σ
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Figure 17: Distribution of m�� following the BDT response cut. The reducible background processes consist of
cc̄��, j j��, bb̄ j�, cc̄ j�, and bb̄ j j events. Other background processes come from Z (bb̄)��, tt̄ and tt̄�.
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Figure 18: Distribution of mHH for the events passing the BDT selection and the requirement 123 GeV < m�� <
127 GeV. The reducible background processes consist of cc̄��, j j��, bb̄ j�, cc̄ j�, and bb̄ j j events. Other
background processes come from Z (bb̄)��, tt̄ and tt̄�.

QCD scale uncertainty assigned to the ggF production mode where a conservative uncertainty of 100%
is considered, motivated by studies of heavy-flavour production in association with top-quark pairs and
W boson production in association with b-jets [53]. Those theory uncertainties are halved, following the
prescriptions of Ref.[26]. The systematic uncertainties are summarised in Table 12.

For the purpose of this prospect study, a cut-and-count analysis is performed on events within the
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QCD scale uncertainty assigned to the ggF production mode where a conservative uncertainty of 100%
is considered, motivated by studies of heavy-flavour production in association with top-quark pairs and
W boson production in association with b-jets [53]. Those theory uncertainties are halved, following the
prescriptions of Ref.[26]. The systematic uncertainties are summarised in Table 12.
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 Projections available only from CMS 
 HH→bbWW(→lvlv) 

 Contributions: H→WW→lvlv and H→ZZ→llvv 
 Neural Network discriminant (9 variables) 
 σΗΗ< 3.5 (3.3)xSM 95% CL  
 Significance 0.56 (0.59)σ 
 ATLAS 139 fb-1 σΗΗ<40 SM (exp. xSM) at 95% CL  
[PLB 801 (2020) 135145] 

 HH→bbZZ(→4l) 
 σΗΗ< 6.6xSM 95% CL  
 Significance 0.37σ 
 Effect of systematics negligible

29+14
−9

 Statistical Only in Parenthesis
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Fig. 65: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+background fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standalone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.

The combined minimum negative-log-likelihoods are shown in Figure 66. The 68% Confidence
Intervals for � are 0.52  �  1.5 and 0.57  �  1.5 with and without systematic uncertainties
respectively. The second minimum of the likelihood is excluded at 99.4% CL. A summary of the 68%
CI for each channel in each experiment, as well as the combination are shown in Figure 66b.
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kinematic method, which relies on two new kinematic functions, Topness and Higgsness [297]. They
characterise features of the major (tt̄) background and of hh events, respectively. The method also
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tional signal+background fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standalone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.

The combined minimum negative-log-likelihoods are shown in Figure 66. The 68% Confidence
Intervals for � are 0.52  �  1.5 and 0.57  �  1.5 with and without systematic uncertainties
respectively. The second minimum of the likelihood is excluded at 99.4% CL. A summary of the 68%
CI for each channel in each experiment, as well as the combination are shown in Figure 66b.
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Fig. 65: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+background fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standalone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.

The combined minimum negative-log-likelihoods are shown in Figure 66. The 68% Confidence
Intervals for � are 0.52  �  1.5 and 0.57  �  1.5 with and without systematic uncertainties
respectively. The second minimum of the likelihood is excluded at 99.4% CL. A summary of the 68%
CI for each channel in each experiment, as well as the combination are shown in Figure 66b.
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lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.

The combined minimum negative-log-likelihoods are shown in Figure 66. The 68% Confidence
Intervals for � are 0.52  �  1.5 and 0.57  �  1.5 with and without systematic uncertainties
respectively. The second minimum of the likelihood is excluded at 99.4% CL. A summary of the 68%
CI for each channel in each experiment, as well as the combination are shown in Figure 66b.
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Fig. 64: Left: upper limit at the 95% CL on the HH production cross section as a function of � =

�HHH/�SM
HHH. The red band indicated the theoretical production cross section. Right: expected likelihood

scan as a function of � = �HHH/�SM
HHH. In both figures the results are shown separately for the five

decay channels studied and for their combination.

experiment, the likelihoods for those two channels are scaled to 6000fb�1 in the combination. The signif-
icances are added in quadrature and the negative-log-likelihood are simply added together. A summary
of the different expected significances, as well as the combination, are shown in Table 57. A combined
significance of 4 standard deviation can be achieved with all systematic uncertainties included.

Table 57: Significance in standard deviations of the individual channels as well as their combination.

Statistical-only Statistical + Systematic
ATLAS CMS ATLAS CMS

HH ! bb̄bb̄ 1.4 1.2 0.61 0.95
HH ! bb̄⌧⌧ 2.5 1.6 2.1 1.4
HH ! bb̄�� 2.1 1.8 2.0 1.8
HH ! bb̄V V (ll⌫⌫) - 0.59 - 0.56
HH ! bb̄ZZ(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6

Combined Combined
4.5 4.0

Comparisons of the minimum negative-log-likelihoods for ATLAS and CMS are shown in Fig-
ure 65. In those plots the likelihoods for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels
are not scaled to 6000fb�1. A difference of shape between the two experiments can be seen around
the second minimum. This difference comes mainly from the HH ! bb̄�� channel as illustrated in
Figure 65b. In this channel both experiment use categories of the mHH distributions. But for ATLAS
the analysis was optimised to increase the significance of the SM signal so the low values of the mHH

distribution are cut by the selection cuts, while for CMS a category of events with low values of mHH

is very powerful to remove the second minimum, while having no effect on the SM signal. The lower
precision on � is slightly better for CMS thanks to the contribution of the HH ! bb̄bb̄ channel, as
well as the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) ones, while the higher precision on � is similar
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Fig. 64: Left: upper limit at the 95% CL on the HH production cross section as a function of � =
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decay channels studied and for their combination.

experiment, the likelihoods for those two channels are scaled to 6000fb�1 in the combination. The signif-
icances are added in quadrature and the negative-log-likelihood are simply added together. A summary
of the different expected significances, as well as the combination, are shown in Table 57. A combined
significance of 4 standard deviation can be achieved with all systematic uncertainties included.

Table 57: Significance in standard deviations of the individual channels as well as their combination.
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ATLAS CMS ATLAS CMS

HH ! bb̄bb̄ 1.4 1.2 0.61 0.95
HH ! bb̄⌧⌧ 2.5 1.6 2.1 1.4
HH ! bb̄�� 2.1 1.8 2.0 1.8
HH ! bb̄V V (ll⌫⌫) - 0.59 - 0.56
HH ! bb̄ZZ(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6

Combined Combined
4.5 4.0

Comparisons of the minimum negative-log-likelihoods for ATLAS and CMS are shown in Fig-
ure 65. In those plots the likelihoods for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels
are not scaled to 6000fb�1. A difference of shape between the two experiments can be seen around
the second minimum. This difference comes mainly from the HH ! bb̄�� channel as illustrated in
Figure 65b. In this channel both experiment use categories of the mHH distributions. But for ATLAS
the analysis was optimised to increase the significance of the SM signal so the low values of the mHH

distribution are cut by the selection cuts, while for CMS a category of events with low values of mHH

is very powerful to remove the second minimum, while having no effect on the SM signal. The lower
precision on � is slightly better for CMS thanks to the contribution of the HH ! bb̄bb̄ channel, as
well as the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) ones, while the higher precision on � is similar
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Fig. 66: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a conditional
signal+background fit to the background and SM signal. The coloured dashed lines correspond to the
combined ATLAS and CMS results by channel, and the black line to their combination. The likelihoods
for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels are scaled to 6000 fb�1.(b) Expected mea-
sured values of � for the different channels for the ATLAS in blue and the CMS experiment in red, as
well as the combined measurement. The lines with error bars show the total uncertainty on each mea-
surement while the boxes correspond to the statistical uncertainties. In the cases where the extrapolation
is performed only by one experiment, same performances are assumed for the other experiment and this
is indicated by a hatched bar.

subject to the missing transverse momentum constraint, /~pT = ~p⌫T + ~p⌫̄T . Since there is a twofold
ambiguity in the paring of a b-quark and a lepton, we define Topness as the smaller of the two �2s,

T ⌘ min

⇣
�2

12 , �2
21

⌘
. (42)

In double Higgs production, the two b-quarks arise from a Higgs decay (h ! bb̄), and therefore
their invariant mass mbb can be used as a first cut to enhance the signal sensitivity. For the decay of the
other Higgs boson, h ! WW ⇤

! `+`�⌫⌫̄, we define Higgsness [297] as follows:
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where mW
⇤ is the invariant mass of the lepton-neutrino pair which resulted from the off-shell W . It

satisfies 0  mW
⇤  mh � mW and mpeak

W
⇤ =

1p
3

r
2

⇣
m2

h + m2
W

⌘
�

q
m4

h + 14m2
hm2

W + m4
W is the

peak in the mW
⇤ distribution. mpeak

⌫⌫̄ = mpeak
`` ⇡ 30 GeV is the location of the peak in the d�

dm⌫⌫̄
or d�

dm``

distribution [297, 304].
The � values in Eqs. (41) and (43) result from the experimental uncertainties and intrinsic particle

widths. In principle, they can be treated as free parameters and tuned using a neutral network (NN), a
boosted decision tree (BDT), etc. In our numerical study, we use �t = 5 GeV, �W = 5 GeV, �W

⇤ = 5

GeV, �h`
= 2 GeV, and �⌫ = 10 GeV. The main contribution in Eq. (43) comes from the on-shell

113
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Fig. 64: Left: upper limit at the 95% CL on the HH production cross section as a function of � =

�HHH/�SM
HHH. The red band indicated the theoretical production cross section. Right: expected likelihood

scan as a function of � = �HHH/�SM
HHH. In both figures the results are shown separately for the five

decay channels studied and for their combination.

experiment, the likelihoods for those two channels are scaled to 6000fb�1 in the combination. The signif-
icances are added in quadrature and the negative-log-likelihood are simply added together. A summary
of the different expected significances, as well as the combination, are shown in Table 57. A combined
significance of 4 standard deviation can be achieved with all systematic uncertainties included.

Table 57: Significance in standard deviations of the individual channels as well as their combination.

Statistical-only Statistical + Systematic
ATLAS CMS ATLAS CMS

HH ! bb̄bb̄ 1.4 1.2 0.61 0.95
HH ! bb̄⌧⌧ 2.5 1.6 2.1 1.4
HH ! bb̄�� 2.1 1.8 2.0 1.8
HH ! bb̄V V (ll⌫⌫) - 0.59 - 0.56
HH ! bb̄ZZ(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6

Combined Combined
4.5 4.0

Comparisons of the minimum negative-log-likelihoods for ATLAS and CMS are shown in Fig-
ure 65. In those plots the likelihoods for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels
are not scaled to 6000fb�1. A difference of shape between the two experiments can be seen around
the second minimum. This difference comes mainly from the HH ! bb̄�� channel as illustrated in
Figure 65b. In this channel both experiment use categories of the mHH distributions. But for ATLAS
the analysis was optimised to increase the significance of the SM signal so the low values of the mHH

distribution are cut by the selection cuts, while for CMS a category of events with low values of mHH

is very powerful to remove the second minimum, while having no effect on the SM signal. The lower
precision on � is slightly better for CMS thanks to the contribution of the HH ! bb̄bb̄ channel, as
well as the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) ones, while the higher precision on � is similar
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Fig. 66: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a conditional
signal+background fit to the background and SM signal. The coloured dashed lines correspond to the
combined ATLAS and CMS results by channel, and the black line to their combination. The likelihoods
for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels are scaled to 6000 fb�1.(b) Expected mea-
sured values of � for the different channels for the ATLAS in blue and the CMS experiment in red, as
well as the combined measurement. The lines with error bars show the total uncertainty on each mea-
surement while the boxes correspond to the statistical uncertainties. In the cases where the extrapolation
is performed only by one experiment, same performances are assumed for the other experiment and this
is indicated by a hatched bar.

subject to the missing transverse momentum constraint, /~pT = ~p⌫T + ~p⌫̄T . Since there is a twofold
ambiguity in the paring of a b-quark and a lepton, we define Topness as the smaller of the two �2s,
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In double Higgs production, the two b-quarks arise from a Higgs decay (h ! bb̄), and therefore
their invariant mass mbb can be used as a first cut to enhance the signal sensitivity. For the decay of the
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where mW
⇤ is the invariant mass of the lepton-neutrino pair which resulted from the off-shell W . It

satisfies 0  mW
⇤  mh � mW and mpeak
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⇤ distribution. mpeak
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`` ⇡ 30 GeV is the location of the peak in the d�
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distribution [297, 304].
The � values in Eqs. (41) and (43) result from the experimental uncertainties and intrinsic particle

widths. In principle, they can be treated as free parameters and tuned using a neutral network (NN), a
boosted decision tree (BDT), etc. In our numerical study, we use �t = 5 GeV, �W = 5 GeV, �W

⇤ = 5

GeV, �h`
= 2 GeV, and �⌫ = 10 GeV. The main contribution in Eq. (43) comes from the on-shell

113

CERN-LPCC-2018-04 

 2nd minimum excluded at 99.4% CL

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

           HL-LHC prospects 3 ab-1 (14 TeV)ATLAS and CMS

SM HH significance: 4σ

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

bbbb

ττbb

)νlνVV(lbb

γγbb

ZZ*(4l)bb

Combination

68%

95%

99.4%

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

0.1 < !" < 2.3 [95% CL]  
0.5 < !" < 1.5 [68% CL]

!"
(a) (b)

Fig. 66: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a conditional
signal+background fit to the background and SM signal. The coloured dashed lines correspond to the
combined ATLAS and CMS results by channel, and the black line to their combination. The likelihoods
for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels are scaled to 6000 fb�1.(b) Expected mea-
sured values of � for the different channels for the ATLAS in blue and the CMS experiment in red, as
well as the combined measurement. The lines with error bars show the total uncertainty on each mea-
surement while the boxes correspond to the statistical uncertainties. In the cases where the extrapolation
is performed only by one experiment, same performances are assumed for the other experiment and this
is indicated by a hatched bar.

subject to the missing transverse momentum constraint, /~pT = ~p⌫T + ~p⌫̄T . Since there is a twofold
ambiguity in the paring of a b-quark and a lepton, we define Topness as the smaller of the two �2s,

T ⌘ min

⇣
�2

12 , �2
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⌘
. (42)

In double Higgs production, the two b-quarks arise from a Higgs decay (h ! bb̄), and therefore
their invariant mass mbb can be used as a first cut to enhance the signal sensitivity. For the decay of the
other Higgs boson, h ! WW ⇤

! `+`�⌫⌫̄, we define Higgsness [297] as follows:
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where mW
⇤ is the invariant mass of the lepton-neutrino pair which resulted from the off-shell W . It

satisfies 0  mW
⇤  mh � mW and mpeak

W
⇤ =

1p
3

r
2

⇣
m2

h + m2
W

⌘
�

q
m4

h + 14m2
hm2

W + m4
W is the

peak in the mW
⇤ distribution. mpeak

⌫⌫̄ = mpeak
`` ⇡ 30 GeV is the location of the peak in the d�

dm⌫⌫̄
or d�

dm``

distribution [297, 304].
The � values in Eqs. (41) and (43) result from the experimental uncertainties and intrinsic particle

widths. In principle, they can be treated as free parameters and tuned using a neutral network (NN), a
boosted decision tree (BDT), etc. In our numerical study, we use �t = 5 GeV, �W = 5 GeV, �W

⇤ = 5

GeV, �h`
= 2 GeV, and �⌫ = 10 GeV. The main contribution in Eq. (43) comes from the on-shell
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between the two experiments.
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Fig. 65: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+background fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standalone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.

The combined minimum negative-log-likelihoods are shown in Figure 66. The 68% Confidence
Intervals for � are 0.52  �  1.5 and 0.57  �  1.5 with and without systematic uncertainties
respectively. The second minimum of the likelihood is excluded at 99.4% CL. A summary of the 68%
CI for each channel in each experiment, as well as the combination are shown in Figure 66b.

3.3 Double Higgs measurements and trilinear coupling: alternative methods
3.3.1 Prospects for hh ! (bb̄)(WW

⇤) ! (bb̄)(`+`
�
⌫`⌫̄`)

39

In this section, we discuss the discovery prospects for double Higgs production in the hh ! (bb̄)(WW ⇤
)

channel. In order to increase sensitivity in the di-lepton channel [294, 295, 296], we propose a novel
kinematic method, which relies on two new kinematic functions, Topness and Higgsness [297]. They
characterise features of the major (tt̄) background and of hh events, respectively. The method also
utilises two less commonly used variables, the subsystem MT2 (or subsystem M2) [298, 299, 300] for
tt̄ and the subsystem

p
ŝmin (or subsystem M1) [301, 302, 300] for hh production. For any given event,

Topness [303, 297] quantifies the degree of consistency to di-lepton tt̄ production, where there are 6
unknowns (the three-momenta of the two neutrinos, ~p⌫ and ~p⌫̄) and four on-shell constraints, for mt, mt̄,
m

W
+ and m

W
� , respectively. The neutrino momenta can be fixed by minimising the quantity

�2
ij ⌘ min

/~pT =~p⌫T +~p⌫̄T
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39 Contacts: J. Han Kim, M. Kim, K. Kong, K.T. Matchev, M. Park
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Summary

K. Nikolopoulos / Higgs2020, 29 October 2020 / Higgs boson pair-production at the HL-LHC 

 Many open questions on details of EWSB 
 Higgs self-coupling within reach at HL-LHC 

 ATLAS+CMS combined give 4σ for HH observation 
  at 68% CL 

 Many challenges ahead! 
 Trigger thresholds 
 Control of systematics 

 Further room for improvement 
 Focusing on most obvious channels 
 Time to improve and invent new methods! 

 Ground work (upgrades) happening now!

0.52 ≤ κλ ≤ 1.5
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BSM searches
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Expected Detector Performance
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Table 6: Expected jet energy scale (JES) uncertainties at the HL-LHC in the “baseline” and “optimistic” scenarios.

Uncertainity component Percentage Uncertainty Percentage Uncertainty
(Baseline Estimate) (Optimistic Estimate)

Absolute JES scale 1% - 2% 1% - 2%
Pileup 0 - 4% 0 - 2%

JET flavour composition 0 - 1% 0 - 0.5%
JET flavour response 0 - 1.5% 0 - 0.8%

4.9 Flavour tagging

Flavour tagging benefits from the excellent tracking and ⌘ coverage of the ITk detector. A multivariate
algorithm [17] has been re-tuned for the expected ATLAS Phase-II detector and its performance assessed.
The light-jet rejection versus b�jet e�ciency is shown in various slices of ⌘ in Figures 16(a) and 16(b)
along with a comparison with Run 2 performance.

The performance in tt̄ with hµi = 200 is shown for light-jet rejection and c-jet, b-jet and pileup-jet
e�ciency in Figure 17 for the working point with an average b-jet e�ciency of 70%. In the benchmark
channel with HH ! ��bb, the purity of b-jets when both jets are tagged is at the level of 97%.

The expected flavour tagging uncertainties have been derived extrapolating current performance and taking
into account new methods that may be used in the future, especially at high-pT and large ⌘. The expected

(a) (b)

Figure 16: Performance of the MV2 b-tagging algorithms in tt̄ events with 200 pileup for the ITk layout. Results
are shown for 50⇥50 µm2 pixels, using digital clustering in the reconstruction. For comparison purposes, the
performance for ATLAS during Run 2 with an average of 30 pileup events is shown as crosses. The rejection of (a)
light-flavour jets and (b) c-jets for di�erent ⌘ regions is shown as a function of b-jet e�ciency. Figures 3.21(b) and
3.23(b) from the Pixel Detector TDR. [5]
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1.1. Expected performance of the ATLAS detector (ATL-PHYS-PUB-2019-005)

Report on the Physics at the HL-LHC and Perspectives for the HE-LHC Page 20

 Detector performance: cornerstone for physics reach 
 HH analyses span all physics objects 
 Expected performance of upgraded detector 

 Estimated with CPU-intensive detailed simulations

 b-tagging efficiency versus light- and c-jet rejection 
 Improved performance (x2.5 better light-jet rejection at ε=70%) 
 Extended coverage (up to |η|<4 with competitive performance)

b-tagging efficiency vs light-jet rejection b-tagging efficiency vs c-jet rejection

ATL-PHYS-PUB-2019-005 ATL-PHYS-PUB-2019-005
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τ-lepton reconstruction 
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HH→bbWW(→lvlv)

K. Nikolopoulos / Higgs2020, 29 October 2020 / Higgs boson pair-production at the HL-LHC 

 Final states currently considered only by CMS 
 HH→bbWW(→lvlv) 

 Contributions: H→WW→lvlv and H→ZZ→llvv 
 Neural Network discriminant (9 variables) 
 σΗΗ< 3.5 (3.3)xSM 95% CL  
 Significance 0.56 (0.59)σ

FTR-18-019

 Statistical Only in Parenthesis
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Effect of timing information
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18

degraded by the formation of spurious secondary vertices caused by PU tracks, reducing the
ability to distinguish signal from background. In order to mitigate this problem, the secondary
vertexing algorithms were updated to be aware of timing information from the MTD. By re-
quiring tracks to be within 3.5st of the primary vertex, the number of spurious reconstructed
secondary vertices was reduced by 30%. This causes the ROC curves in Fig. 30 to improve sig-
nificantly, especially for tighter working points where near-zero PU performance is achieved
and the dependence of b tagging efficiency on the PU density is removed.

Figure 30: The secondary vertex tagging misidentification probability as a function of the b
tagging efficiency, for light and charm jets for |h| < 1.5 (left) and for 1.5 < |h| < 3.0 (right).
Results with and without the MTD precision timing are compared to the 0 PU case. Taken from
Ref. [5].

The b tagging performance as a function of the PU density is shown in Fig. 31. A moderate
decrease of the b jet tagging efficiency without the MTD precision timing can be observed.
With the MTD precision timing, the b jet tagging efficiency is improved and the dependence
on PU density is removed.

2.8 Jet substructure performance

In this section, the jet substructure performance is shown [8]. Figure 32 shows some jet sub-
structure observables with the current detector and with the Phase-2 detector. The number
of jet constituents from quark and gluon jets in simulated QCD multijet events in Fig. 32 left
demonstrates the ability to reconstruct identification observables for quark and gluon jet. In
the barrel region, the number of constituents decreases slightly in Phase-2 compared to Phase-0.
However, an increase is observed in constituents in the HGCal region, which may be attributed
to the higher granularity of the endcap calorimeter and the higher number of PU interactions.
The t3/t2 distributions for top quark jets in high mass resonant tt production and quark or
gluon jets in multijet simulation in Fig. 32 right demonstrate excellent performance of the HG-
Cal in identifying subjets for highly boosted W, Z, and Higgs bosons, and top quarks, at a level
of quality similar to that of the barrel calorimeter.

1.2. Expected physics object performance with the upgraded CMS detector (CMS-NOTE-2018-006)

Report on the Physics at the HL-LHC and Perspectives for the HE-LHC Page 44
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Systematic Uncertainties
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3.7 Extrapolation scenarios 29

Table 1: The “floor” systematic uncertainties for the HL-LHC.

Uncertainty Working point/ component Value
Electron ID All WPs, pT > 20 GeV 0.5%

All WPs, 10 < pT < 20 GeV 2.5%
Photon ID 2%
Muon ID All WPs 0.5%
Tau ID All WPs 2.5%
Jet energy scale Total 1–2.5%

Absolute scale 0.1–0.2%
Relative scale 0.1–0.5%
PU 0–2%
Jet flavor 0.75%

Jet energy resolution 3–5% as a function of h
b-tagging b jets (all WPs) 1%

c jets (all WPs) 2%
Light jets, loose WP 5%
Light jets, medium WP 10%
Light jets, tight WP 15%
Subjet b tagging 1%
Double c tagging

pmiss
T Propagate jet energy

corrections uncertainties (must)
Propagate jet energy
resolution uncertainties (recommended)
Vary unclustered
energy by 10% (recommended)

Integrated luminosity 1%

includes isolation. The details of the choices in this table are explained below.

3.7 Extrapolation scenarios

In analyses using the full CMS Phase-2 detector simulation or the fast-simulation package
DELPHES [19] and an integrated luminosity at the HL-LHC of 3000 fb�1, the experimental
systematic uncertainties are the “floor” values as described above and summarized in Table 1.
No uncertainty is included for possible statistical limitations of Monte Carlo simulations.

For extrapolations from Run 2, the strategy of applying experimental uncertainties to HL-LHC
analyses closely follows the strategy used and documented in Ref. [20]. Three scenarios are
considered: “Run 2 uncertainty”, “YR18 uncertainty” and “Stat-Only”.

The “Run 2 uncertainty” scenario, which is referred to as “S1” in Ref. [20], is useful for direct
comparison with Run 2 analyses. As such, it is a sanity check. In this scenario, we assume that
detector performance stays approximately constant because the detector simulation advances
and operational experience may compensate for limitations such as increased PU and detector
aging. The experimental, theoretical, and integrated luminosity systematic uncertainties are
kept constant with integrated luminosity, while the statistical uncertainty of the data is scaled
with 1/

p
L, where L is the integrated luminosity.

Another scenario is the “YR18 uncertainty” scenario, referred to as “S2” in Ref. [20]. This sce-

1.2. Expected physics object performance with the upgraded CMS detector (CMS-NOTE-2018-006)
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ATLAS bbττ
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ATLAS bbγγ
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Process Events in Events after Events passing Events passing BDT
sample pre-selection BDT response response &

123 GeV < m�� < 127 GeV
H (bb̄)H (��), � = 1 3.0 ⇥ 102 20 8.0 6.46
gg ! H (! ��) 3.0 ⇥ 105 28 0.85 0.68

tt̄H (! ��) 4.2 ⇥ 103 124 1.9 1.51
Z H (! ��) 6.7 ⇥ 103 26 1.33 0.93
bb̄H (! ��) 3.8 ⇥ 103 3.7 0.028 0.025

Single-Higgs-boson background 3.2 ⇥ 105 182 4.1 3.2
bb̄�� 4.3 ⇥ 105 10100 92 1.9
cc̄�� 3.4 ⇥ 106 630 2.7 0.06
j j�� 4.8 ⇥ 107 690 4.6 0.12
bb̄ j� 1.1 ⇥ 109 14000 130 1.16
cc̄ j� 3.3 ⇥ 109 480 2.5 0.021
bb̄ j j 1.4 ⇥ 1012 3600 26 0.16

Z (!bb̄)�� 1.5 ⇥ 104 230 4.5 0.10
tt̄(�1 lepton) 1.6 ⇥ 109 3530 11.3 0.05

tt̄�(�1 lepton) 1.5 ⇥ 107 5600 23 0.07
Continuum background 1.4 ⇥ 1012 38900 297 3.7

Total background 1.4 ⇥ 1012 39100 301 6.8

Table 11: Number of events passing the pre-selection criteria, the BDT response cut, and passing the additional
requirement of 123 GeV < m�� < 127 GeV. The number of background events was obtained by counting final-state
combinations passing the selection criteria in samples that were generated using a single random seed for the
smearing functions. All numbers are normalised to 3000 fb�1. The totals appear inconsistent due to rounding.

likelihood for � to that for the fit with � = 0 is shown in Figure 22 and the constraints on � are reported
in Table 14.

It can be seen in Figures 21 and 22 that there are two minima. The first minimum is located at � = 1 or
0, respectively, as the signal hypothesis used in the maximum likelihood fit corresponds to the signal used
to create the Asimov dataset. The second minimum is observed at the � value for which the signal has
a similar yield as that of the first minimum. The degeneracy of the two minima is lifted because of the
di�erent shapes of the mHH distribution at each of the two minima.

It should be noted that since the BDT was trained on the SM HH signal only, the above constraints
on � are slightly pessimistic. Using separate BDTs trained on specific values of � would bring slight
improvements in the expected limit at high positive values of �, but have no impact at negative values of
�.

5 Statistical Combination

Results based on the statistical combination of the HH ! bb̄bb̄, HH ! bb̄⌧+⌧� and HH ! bb̄��
channels are discussed in the following.
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