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Overview

￭ How: Five analyses and combination 
□ bb𝛾𝛾 
□ bbWW(2ℓ2𝜈) 
□ bbbb 
□ bb𝜏𝜏 
□ bbZZ(4ℓ)
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￭ Goal: Establish the HH CMS sensitivity at the HL-LHC 
□ exercise of projecting Run II analysis done for ECFA (2.3 fb-1) and for ECAL/HGCal/

Tracker TDR 
□ we learned that systematics have limited impact on the results, while analysis 

techniques and detector performance (b tag, resolution, …) play a crucial role 
□ ⟹ develop full analysis using a parametrised CMS detector response with Delphes

4 Contents

study the impact of the subsystem upgrades on the experiment physics program, as described
in the Technical Design Report (TDR) of the inner tracker [17], barrel electromagnetic [18] and
endcap high-granularity [19] calorimeters.

The work described in this document improves and extends the previous projections to provide
an updated and comprehensive study of the prospects for HH measurements at the HL-LHC.
A parametric simulation, as detailed in Section 0.3, is used to model the upgraded detector re-
sponse and simulate its performance considering the experience and understanding achieved
in the preparation of the aforementioned TDRs. The five decay channels bbbb, bbtt, bbWW
(WW ! `n`0n0 with `, `0 = e, µ), bbgg, and bbZZ (ZZ ! ```0`0 with `, `0 = e, µ) are stud-
ied and dedicated analysis strategies are developed to exploit the large HL-HLC dataset. The
first four channels correspond to those expected to be the most sensitive to HH production at
the HL-LHC based on the experience from Run II searches, while and the very rare but clean
bbZZ(````) final state is studied here for the first time. Table 1 summarises the branching frac-
tions of the five decay channels and the number of events that are expected to be produced at
the HL-LHC at

p
s = 14 TeV with an integrated luminosity of 3000 fb�1.

The event selection and analysis strategy of each channel are separately described in the follow-
ing, and the sensitivity resulting from their statistical combination is discussed in Section 0.9.

Table 1: Branching fraction of the five decay channels considered in this document, and corre-
sponding 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 elec-
tron. In the bbWW decay channel, ` from the intermediate production of a t lepton are also
considered in the branching fraction.

Channel bbbb bbtt bbWW(`n`n) bbgg bbZZ(````)
B [%] 33.6 7.3 1.7 0.26 0.015
Number of events 37000 8000 1830 290 17

0.2 The CMS upgraded detector
The improvement of the performance of the CMS detector under HL-LHC conditions requires
both increased radiation hardness to withstand over decade of operations under high pileup
and luminosity conditions, and increased granularity to reduce particle occupancy and im-
prove the object reconstruction, and increased bandwidth to accommodate higher data rates.

Both the hardware and software stages of the CMS trigger system, respectively denoted at
the Level-1 (L1) and High Level Trigger (HLT), and the data acquisition system (DAQ) will un-
dergo a substantial upgrade. The L1 trigger hardware will be replaced, allowing for an increase
of its rate and latency to about 750kHz and 12.5µs respectively, while the HLT rate will be in-
creased to 7.5kHz. These values are to compare to the throughput of the current L1 and HLT
systems of about 100 and 1kHz respectively, and to a current L1 system latency of 3.8µs. The L1
will also feature inputs from the silicon tracker, allowing for real-time track fitting and particle-
flow reconstruction of objects at the trigger level. The pixel and strip tracker detectors will
be replaced to increase the granularity, reduce the material budget and extend the geometrical
coverage. The front-end electronics of the barrel electromagnetic calorimeter (ECAL) will be
upgraded to access the single-crystal information at the L1 trigger, as well as the electronics of
the cathode strip chambers (CSC), resistive plate chambers (RPC) and drift tubes (DT) for muon
detection. New muon detectors based on RPC and gas electron multiplier (GEM) technologies
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bb𝛾𝛾

￭ Analysis strategy 
□ preselection of events containing 𝛾𝛾 and bb pairs 
□ rejection of ttH background with a dedicated BDT (75% reduction for 90% 

signal efficiency) 
□ classification of events based on Mx = mjj𝛾𝛾 - m𝛾𝛾 - mjj + 250 GeV into low 

and high mass categories 
□ MVA event categorisation BDT that separates the background and the HH 

signal into low and high purity 
□ (m𝛾𝛾, mjj) plane to look for a signal
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bb𝛾𝛾

￭ Simultaneous fit on the m𝛾𝛾 and mjj 
distributions for the analysis categories 

￭ Results: 1.8σ significance, 1.1 ⨉ σHHSM limit 
□ largely sensitive to the assumed m𝛾𝛾 

resolution 
□ a few optimisations on the selections and MC 

generation are in the pipeline
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(c) mjj, low mass category
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Figure 9: Expected distribution of events in the photon (top row) and jet (bottom row) pair
invariant mass for the low (left column) and high (right column) mass categories. The full
circles denote pseudo-data obtained from the expected events yields for the sum of the signal
and background processes for 3000 fb�1.
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(a) mgg, low mass category
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(b) mgg, high mass category
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Figure 9: Expected distribution of events in the photon (top row) and jet (bottom row) pair
invariant mass for the low (left column) and high (right column) mass categories. The full
circles denote pseudo-data obtained from the expected events yields for the sum of the signal
and background processes for 3000 fb�1.



HH CMS YR team 19/10/2018Prospects for HH measurements at the HL-LHC with CMS

￭ 3 𝜏𝜏 categories: 𝜇𝜏ℎ, 𝑒𝜏ℎ, 𝜏ℎ𝜏ℎ 
￭ Analysis strategy 
□ preselect events based on 𝜇, 𝑒, 𝜏ℎ and  b 

jet content 
□ look for the presence of a signal using 

the output of a neural network  
￭ State of the art techniques applied for 

the NN development 
□ 27 basic + 21 reconstructed + 4 global 

features 
□ deep learning techniques, with optimal 

data preprocessing, study of the 
activation functions, and data 
augmentation
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bb𝜏𝜏

0.5. HH ! bbtt 15

(a) (b)

(c) (d)

Figure 5: Top: 2D distributions of the invariant masses of the reconstructed Higgs bosons (Htt

and hbb) in signal (left) and background (right). One-dimensional invariant-mass distributions
are projected on the corresponding axes; Bottom: 1D distributions of the Htt (left) and hbb
(right) invariant masses for signal and background process for all final states together. Distri-
butions are normalized to unit areas for signal and background, separately.

16 Contents

(a) (b)

(c) (d)

Figure 6: Distributions of four event features for signal and background processes (see
Sec. 0.5.2.3) for all final states together: (a) jet multiplicity, (b) b jet multiplicity, (c) the strans-
verse mass MT2, (d) sT (defined as the scalar sum of lepton pT, pT of both b-jets and th, and
p

miss
T ).

Examples of input features
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￭ Simultaneous fit of the NN output for the 3 decay channels 
￭ Systematic uncertainties applied following the YR5 

recommendations 
￭ Results: 1.3σ significance, 1.5 ⨉ σHHSM limit 
□ without systematics: 1.5σ significance, 1.3 ⨉ σHHSM limit
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bb𝜏𝜏
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(a)

(b)

(c)

Figure 7: DNN discriminator outputs. Class predictions of the classifier on test data for each
final state: (a) µth b b, (b) eth b b, and (c) th th b b. Both signal and background are normalised
to the expected yields.
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bbbb
￭ Analysis strategy: 
□ preselect events with 4 jets of pT > 45 

GeV, |η| < 3.5, all jets b-tagged 
□ build H1 and H2 as the jet pairs giving the 

minimal (H1, H2) mass difference 
□ define the signal region in the (mH1, mH2) 

plane as 
 
 
(note: improvements from b jet energy 
regression are not considered) 

□ train a BDT to separate the background 
processes from the HH signal 

□ use the BDT output as the fitted variable 
to look for a signal 

￭ Usage of boosted categories also 
envisaged
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4. HH ! bbbb 7

in more than 95% of the cases, proving to be simple but robust and reliable even in the harsh251

pileup conditions of the HL-LHC.252

However, in about 45% of the preselected events, at least one of the selected jets does not orig-253

inate from the decay of a Higgs boson. These are typically events where one or more jets origi-254

nating from the HH ! bbbb process are outside of the geometrical or momentum acceptance255

of the selections, but another jet from additional hadronic activity is selected instead.256

These events are in large part rejected by requiring the invariant mass of the two H candidates
to satisfy: q

(mH1 � 120 GeV)2 + (mH2 � 120 GeV)2 < 40 GeV (1)

The selection has an efficiency of about 55% on the HH signal and rejects approximately 85% of257

the QCD multijet background. The expected event yields after the invariant mass selections are258

of approximately 1360 for the HH signal and 9.6 ⇥ 106 for the QCD multijet background. This259

difference of almost four orders of magnitude between the two processes calls for the usage260

of multivariate methods that exploit the kinematic differences between the HH signal and the261

background processes.262

A multivariate discriminant, consisting in a boosted decision tree (BDT), is built using the fol-263

lowing kinematic variables:264

• the invariant mass of the two Higgs candidates H1 and H2265

• the transverse momentum of the two Higgs candidates H1 and H2266

• the four jet invariant mass mHH, and the reduced mass MHH = mHH � (mH1 �267

125 GeV)� (mH2 � 125 GeV)268

• the minimal and max Dh and Dj separation of the combinations of the four prese-269

lected jets270

• the Dh, Dj and DR =
p
(Dh)2 + (Dj)2 separation of the jets that constitute H1 and271

H2272

• the cosine of the angle formed by one of the Higgs candidate with respect to the273

beam line axis in the HH system rest frame274

The BDT is trained with a gradient boosting algorithm, randomly sampling the events when275

building the individual decision trees (the so-called bagging technique) to reduce the depen-276

dence on statistical fluctuation of the training sample. Parameters of the BDT, namely the num-277

ber of trees, their depth, and the gradient learning rate, are optimised to ensure the best per-278

formance while verifying that no overtraining is introduced. The output of the BDT is used as279

discriminant variable to look for the presence of a signal as an excess at high output values.280

The expected distribution of signal and background events is illustrated in Fig. 1.281

Systematic uncertainties considered are the scale of the reconstructed jets, ranging between282

0.5 and 1% for each jet, the total integrated luminosity, that is assumed to be known with a283

precision of 1%, and the uncertainty in the b tagging efficiency, that is about 1% for jets of284

pT < 300 GeV and 2-6% beyond. A theoretical uncertainty on the HH signal normalisation of285

�5/ + 2% is also considered.286

FIXME: Note for the reader: a paragraph is to be inserted here with the outcome of the study287

of the sensitivity by varying the highest S/B bin yields that was asked to be performed during288

the analysis review289

10

4.3 Results338

FIXME: Note for the reader: results here are from the resolved analysis only, will be extended339

with a combined result. Little impact is expected anyway on the SM signal because of its low340

mHH spectrum341

Expected upper limits are computed at the 95% CL given the projected signal and background342

distributions shown in from Fig. 1. An upper limit of to 1.3 times the SM prediction is expected.343

This corresponds to a local significance of the expected HH signal of 1.5s.344

The projected result is clearly largely sensitive to the minimal jet pT threshold applied. Trig-345

gering on multi jet signatures will be particularly challenging at the HL-LHC and, despite the346

upgrades at the L1 trigger and HLT systems, thresholds might be significantly higher than cur-347

rently achieved in Run II collisions. A study of the change in the search sensitivity as a function348

of the minimal jet pT threshold is reported in Fig. 3. The study is realised by increasing the jet349

pT value applied at preselection and studying the resulting changes in the sensitivity with re-350

spect to the nominal pT threshold of 45 GeV discussed above. It has been verified that the loss351

of sensitivity does not arise from a reduced discrimination power of the BDT discriminant be-352

cause of changes in the kinematic properties induced by the higher thresholds. Instead, the353

reduced sensitivity is a direct consequence of the reduced acceptance to HH ! bbbb events,354

and an efficient trigger with low pT thresholds will be crucial at the HL-LHC.355
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Figure 3: Loss of sensitivity of the HH ! bbbb resolved search as a function of the minimal jet
pT threshold applied. The “loss” quantity plotted on the ordinate is defined 1� Z

X GeV/Z
45 GeV,

where Z denotes the significance of the HH signal and the superscript the pT threshold applied.

5 HH ! bbtt356

The bbtt final state is experimentally favourable thanks to its sizeable branching fraction of357

7.3% and the moderate background contamination, mostly from irreducible processes such358

Jet trigger threshold is a potential 
analysis limitation at the HL-LHC
The loss of significance vs minimal 
pT threshold has been studied
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bbbb

￭ High yields at low BDT score → 
backgrounds well constrained 
□ almost no impact from syst. uncertainties 
□ plan to consider variations of the most sensitive 

bins to evaluate impact of background 
uncertainty 
⁃ but an aggressive assumption on the  

background estimation can be made for HL-LHC 

￭ Results: 1.5σ significance, 1.3 ⨉ σHHSM limit
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Figure 1: BDT output distribution for the signal and background processes considered in the
bbbb resolved search.

4.2 Event selection for boosted topologies290

The regions of phase space having large mHH are best explored using dedicated physics object291

reconstruction and event selection aimed at identifying highly Lorentz-boosted Higgs bosons,292

and the bbbb final state is experimentally favorable in this context given its large branching293

fraction. As boosted object reconstruction methods in this final state have been successfully294

applied to HH searches by the CMS experiment in the analysis of LHC data collected at a295

centre-of-mass energy of 13 TeV in 2016 [38], this projection aims at investigating their potential296

at HL-LHC.297

Highly Lorentz-boosted H ! bb decays are experimentally reconstructed as a single, large298

area jets. The particle flow (PF) candidates are clustered using the anti-kT algorithm with a299

distance parameter of 0.8 (AK8 jets). The contribution of pileup is mitigated using the pileup-300

per-particle (PUPPI) identification algorithm [39]. The vector sum of the clustered PF candi-301

dates, weighted by their PUPPI weights, is assigned as the jet four-momentum. The jet energy302

is corrected to compensate for the nonlinear detector response to collected energy [40, 41].303

The event selection aims to identify two boosted H ! bb decays, each associated with a single304

AK8 jet. The two leading-pT AK8 jets in the event, denoted as J1 and J2, are required to have305

pT > 300 GeV and lie within |h| < 3.0. The soft-drop [42, 43] jet grooming algorithm is used to306

remove soft and collinear components of the jet and retain the two subjets associted with the307

showering and hadronization of the two b quarks from the H ! bb decay. The jets J1 and J2 are308

both required to have a soft-drop mass between 90–140 GeV, consitent with the observed mass309

of 125 GeV for the Higgs boson.310

To further reduce backgrounds, the N-subjettiness algorithm [44] is used, which can differen-311

tiate between a jet containing an N pronged decay from a jet containing a single hard parton.312

For a boosted H ! bb jet with a two-pronged structure, the N-subjettiness ratio t21 ⌘ t2/t1313
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￭ Using the fully leptonic WW final states: 𝑒𝑒, 𝜇𝑒, 𝜇𝜇 
￭ Select isolated leptons and two b jets in the event 
￭ Large irreducible backgrounds: ttbar, DY 
￭ Use a discriminant (neural network) based on kinematic properties 

to look for the signal 
□ 9 input angular and mass variables 

￭ Trigger and preselection: same thresholds as Run 2 applied 
□ assumes lepton triggers will be used and 100% efficient in the analysis 

phase space 
□ systematic uncertainties: following  YR5 recommendations

 9

bbWW (2ℓ 2𝜈)
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￭ Signal extracted from the NN output 
□ simultaneous fit in the 3 categories 
□ DY background modelling shown to impact the sensitivity by less than 5% 

￭ Results: 0.4σ significance, 4.4 ⨉ σHHSM limit
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6.2 Signal extraction516

A neural network (NN) discriminant, based on the TMVA software [51], is used to improve the517

signal-to-background separation. In a phase space dominated by tt production, the NN utilizes518

information related to object kinematics. The variables provided as input to the NN exploit the519

presence of two Higgs bosons decaying into two b-jets on the one hand, and two leptons and520

two neutrinos on the other hand, which results in different kinematics for the di-lepton and521

di-jet systems between signal and background processes. The set of variables used as input is:522

mll, mjj, DRll, DRjj, Dfll,jj, defined as the Df between the di-jet and the di-lepton systems, p
ll
T,523

p
jj
T, min

�
DRj,l

�
, and MT, defined as MT =

q
2p

ll
T p

miss
T (1 � cos(Df(ll, p

miss
T ))).524

The output of the NN after selections in the e
+

e
�, µ+µ�, e

±µ⌥ channels, is shown in Fig. 8. The525

Drell-Yan production of lepton pairs is modelled by interpolating separately in the three chan-526

nels the simulated selected events with a third degree polynomial function, used to generate a527

smooth event distribution according to the expect event yields. The smoothing procedure has528

little impact on the projected sensitivity as discussed below.529
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Figure 8: The output of the NN after the selections, evaluated at in the e
+

e
� (left) , µ+µ� (mid-

dle), e
±µ⌥ (right) channels.

6.3 Systematic uncertainties530

The following sources of systematic uncertainties are considered and their impact on both the531

shapes of signal and background and the expected event yields is evaluated:532

• Lepton identification and isolation: we consider a 0.5% uncertainty on muon iso-533

lation and identification efficiency and a 1% (2.5%) uncerainty for electrons above534

(below) 20 GeV535

• Jet energy scale and resolution: four jet energy scale uncertainties are being consid-536

ered, with their effects being propagated on p
miss
T . The energy scale of all jets was537

modified by 0.2%, 0.5%, 2% and 0.75% respectively to account for uncertainties on538

absolute scale, relative scale, pileup and flavour539

• b tagging: the b tag efficiency and misidentification rate uncertainties are deter-540

mined as a function of the jet pT, h, and flavour. Their effect is estimated by vary-541

ing the associated probability within the assumed uncertainties, separately between542

light and heavy (c,b) flavour jets543

• Integrated luminosity: we assume a 1% uncertainty544

• tt modeling: no shape uncertainty of tt is considered, assuming that this will be well545

constrained by independent tt measurements. An uncertainty on its cross-section546
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HH CMS YR team 19/10/2018Prospects for HH measurements at the HL-LHC with CMS

￭ Very rare but clean final state, yet unexplored at the LHC 
￭ Powerful H→4ℓ signature ⟹ single H processes as dominant 

backgrounds 
￭ Consider the 4𝑒, 4𝜇, 2𝑒2𝜇 final states 
￭ Loose preselection of leptons and jets, leptons combined to build 

the Z and  Z* candidates 
￭ Select events with m4ℓ compatible with mH
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bbZZ (4ℓ)
26

be in the range 80 < m
bb̄

< 160 GeV and the angular distance between the 2 b-jets has to be685

0.5 < DR
bb̄

< 2.3; furthermore, a missing transverse energy (MET) cut is fixed at 150 GeV, and686

a cut on the angular distance between the two reconstructed Higgs is set to DRHH � 2.0.687

The percentage of events passing the full analysis chain in the signal and considered back-688

ground samples is shown in Figure 10 for the bb̄4` final state.689

N(events)
N(leptons)>=4

N(dilepton)>=1

N(dilepton)>=2
)<=120 GeV

1

40<=M(Z )<=120 GeV
2

12<=M(Z (l)>20)>=1
T

N(p (l)>10)>=1
T

N(p 120<=M(4l)<=130 GeV

2/3 b-jets )<=160 GeV
b

80<=M(b <2.3bb
RΔ

0.5<

>2HH
RΔ

MET<150 GeV & 

0

0.1

0.2

0.3

0.4

0.5

0.6

WH
ZH
ggH

Htt
ZZ(4l)b b→HH 

-1CMS HL-LHC                                       L = 3000 fb  = 14 TeVs                                     

Figure 10: Cutflow table showing the percentage of events passing each step of the analysis
applied to the signal and the backgrounds for the bb̄4` final state.

8.2 Results690

The invariant mass spectrum of the four leptons after the full event selection is shown in Figure691

11. The expected event yields for the HH signal and the considered background processes,692

shown in Table 11, are normalized to an integrated luminosity of 3000 fb�1. The negative log-693

likelihood on the SM cross-section is shown in Figure 12 for two different scenarios:694

1. statistical uncertainties only;695

2. statistical and systematic uncertainties on signal and backgrounds.696

Event yield @ 3000 fb�1

HH tt̄H ggH ZH WH tt̄Z tt̄ZZ

bb̄4µ 5.1 · 10�1 1.4 7.5 · 10�1 6.7 · 10�1 2.6 · 10�2 8.1 · 10�1 2.0 · 10�4

bb̄4e 9.0 · 10�2 2.2 · 10�1 5.3 · 10�2 9.7 · 10�2 3.0 · 10�3 0 1.0 · 10�4

bb̄2e2µ 4.3 · 10�1 1.1 8.0 · 10�1 5.2 · 10�1 2.1 · 10�2 1.2 4.0 · 10�4

bb̄4` 1.0 2.6 1.6 1.3 4.9 · 10�2 2.0 7.0 · 10�4

Table 11: Event yields for the signal and the backgrounds, normalized to an integrated lumi-
nosity of 3000 fb�1.

The sources of systematic uncertainty, according to the expected performance of the CMS de-697

tector at HL-LHC, and in agreement with the YR4 recommendations, are listed in Table 12. The698

upper limit at 95% CL on the signal strength r = sobs/sSM is computed for each final state and699

shown in Table 13, together with the signal significance.700

￭ Large acceptance 
because of low pT of 
leptons 
□ mostly limited by b 

tagging and pT 
threshold 

□ large acceptance for 
anomalous λHHH (small 
mHH)



HH CMS YR team 19/10/2018Prospects for HH measurements at the HL-LHC with CMS

￭ Counting experiment with events around mH 

￭ YR 5 systematics included, but the analysis sensitivity is totally stat. 
dominated 

￭ Results: 0.4σ significance, 6.7 ⨉ σHHSM limit
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Figure 11: Invariant mass distribution of the four leptons selected at the end of the analysis for
the bb̄4` final state.
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Figure 12: Projected signal strength uncertainty in two different scenarios (with and without
systematics) for the bb̄4` final state.
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Figure 12: Projected signal strength uncertainty in two different scenarios (with and without
systematics) for the bb̄4` final state.
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Next steps
￭ Combine the 5 final states 
□ from a naïve sum in quadrature, not far from 3σ, with a few improvements 

in the pipeline 
￭ Extend the set of results 
□ anomalous λHHH couplings 
□ likelihood scan 
□ exclusion of the λHHH = 0 hypothesis 
□ for bbbb only in boosted topologies, constraints on contact interactions 

(impact the high mHH regime) 
￭ Prepare the ground for simple combination with the ATLAS results
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30 Contents

95% CL limit on r = sobs/sSM

Uncertainty bb̄4µ bb̄4e bb̄2e2µ bb̄4`

Stat. only 10.06 30.00 11.88 6.59

Stat. + Syst. 10.13 30.13 11.27 6.66

HH significance

Uncertainty bb̄4µ bb̄4e bb̄2e2µ bb̄4`

Stat. only 0.261 0.143 0.221 0.364

Stat. + Syst. 0.258 0.142 0.219 0.361

Table 13: Limits at 95% CL on the signal strength r = sobs/sSM and significance on the HH

signal for all the considered final states separately in two different uncertainty assumptions.

Table 14: Upper limit at the 95% confidence level, significance, projected measurement at 68%
confidence level of the Higgs boson self coupling lHHH for the five channels studied and their
combination.

Channel Significance [s] 95% CL limit on µ = sHH/sSM
HH lHHH at 68% CL

bbbb 1.5 1.3
bbtt 1.3 1.5
bbWW(`n`n) 0.4 4.4
bbgg 1.8 1.1
bbZZ(````) 0.4 6.7
Combined


