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ATLAS HH Analyses
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With Run-II 2015 + 2016 datasets  
(36.1 fb-1 of 13 TeV data) 
• HH→bbbb 1804.06174 
• HH→bbγγ 1807.04873 
• HH→γγWW*(γγlνjj) 1807.08567 
• HH→bbττ 1808.00336 
• HH→bbWW* (bblνqq) 1811.04671 
• HH→WW*WW* (2SSl, 3l, 4l) 1811.11028 
• HH Combination 1906.02025
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With full Run-II datasets  
(126-139 fb-1 of 13 TeV data) 
• VBF HH→bbbb 2001.05178 
• Boosted HH→bbττ 2007.14811 
• HH→bblνlν (bbWW*, bbZZ, bbττ) 1908.06765 
• Resonant HH→bbbb ATLAS-CONF-2021-035 
• HH→bbττ ATLAS-CONF-2021-030 
• HH→bbγγ ATLAS-CONF-2021-016

https://arxiv.org/abs/1804.06174
https://arxiv.org/abs/1807.04873
https://arxiv.org/abs/1807.08567
https://arxiv.org/abs/1808.00336
https://arxiv.org/abs/1811.04671
https://arxiv.org/abs/1811.11028
https://arxiv.org/abs/1906.02025
https://arxiv.org/abs/2001.05178
https://arxiv.org/abs/2007.14811
https://arxiv.org/abs/1908.06765
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/


ATLAS HH Analyses

3

With Run-II 2015 + 2016 datasets  
(36.1 fb-1 of 13 TeV data) 
• HH→bbbb 1804.06174 
• HH→bbγγ 1807.04873 
• HH→γγWW*(γγlνjj) 1807.08567 
• HH→bbττ 1808.00336 
• HH→bbWW* (bblνqq) 1811.04671 
• HH→WW*WW* (2SSl, 3l, 4l) 1811.11028 
• HH Combination 1906.02025

Br
an

ch
in

g 
Ra

tio
 (%

)

0

10

20

30

40

bbbb bbWW bbττ WWWW bbZZ WWττ WWZZ ττττ ZZττ bbγγ WWγγ ΖΖΖΖ γγττ ZZγγ γγγγ

0.00050.0130.0290.0760.100.260.340.391.22.53.14.6
7.4

25

33

With full Run-II datasets  
(126-139 fb-1 of 13 TeV data) 
• VBF HH→bbbb 2001.05178 
• Boosted HH→bbττ 2007.14811 
• HH→bblνlν (bbWW*, bbZZ, bbττ) 1908.06765 
• Resonant HH→bbbb ATLAS-CONF-2021-035 
• HH→bbττ ATLAS-CONF-2021-030 
• HH→bbγγ ATLAS-CONF-2021-016

Will cover the results with full Run-II data today!

https://arxiv.org/abs/1804.06174
https://arxiv.org/abs/1807.04873
https://arxiv.org/abs/1807.08567
https://arxiv.org/abs/1808.00336
https://arxiv.org/abs/1811.04671
https://arxiv.org/abs/1811.11028
https://arxiv.org/abs/1906.02025
https://arxiv.org/abs/2001.05178
https://arxiv.org/abs/2007.14811
https://arxiv.org/abs/1908.06765
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/


ΗΗ→bbγγ
Publication:           ATLAS-CONF-2021-016  
Physics Briefing:  Twice the Higgs, twice the challenge

https://cds.cern.ch/record/2759683
https://atlas.cern/updates/briefing/twice-higgs-twice-challenge


• Search for non-resonant (ggF+VBF) and resonant HH production using 139 fb-1 of pp data 
• Using di-photon triggers 
• Selecting events with 2 photons and 2 b-tagged jets (with 77% b-tag efficiency) 

• 105 GeV < mγγ < 160 GeV 
• pTγ lead. (sub-lead.) > 0.35 (0.25) * mγγ  

• Using MVA for the signal/background discrimination 
• To improve the 4-object resolution, mbbyy* variable is defined: 

• Non-resonant γγ+jets background fitted to the data sidebands in mγγ  
• Single-H background taken from MC 

• Simultaneous likelihood fit in mγγ to all relevant categories 
• Non-Resonant: Limits on σHH & σHH vs κλ 
• Resonant: Limits on σHH vs mX (a heavy spin-0 resonance)5

HH→bbγγ: Analysis Overview
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Figure 4: Reconstructed four-body mass for <- = 300 GeV and <- = 500 GeV resonant signal benchmarks
and for the WW+jets background. Dashed lines represent the distribution of <11̄WW while solid lines represent the
distribution of <⇤

11̄WW
, defined in Section 4.2.1. Distributions are normalized to unit area.
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(a) ggF �� production mode
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(b) VBF �� production mode

Figure 5: The <
⇤
11̄WW

distributions after the common preselection for (a) non-resonant ggF �� and (b) VBF ��

signals with several ^_ values. <⇤
11̄WW

= 350 GeV is chosen as the separating boundary between categories targeting
the SM and BSM ^_ signals.

the reconstructed photons, such as the leading and sub-leading photon’s angular information, the transverse
momentum over the invariant mass of the di-photon system are combined with jet-based information. The
‘single topness’ variable (j,C ) is also used. It is defined in Equation (1).

j,C = min

s✓
< 91 92 � <,

<,

◆2
+
✓
< 91 92 93 � <C

<C

◆2
, (1)

where the minimum is taken over all combinations of three jets in the event (with no requirements on
1-tagging status), <, = 80 GeV, and <C = 173 GeV. Among the input variables, <11̄ and �T show the
highest discriminating power against the WW plus jets continuum background. Particular care has been taken
to avoid the BDT event selection leading to biases in the <WW background distribution. The BDT score
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HH→bbγγ: Analysis Overview
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Figure 11: Data are compared to the background-only fit for the four categories of the non-resonant search. Both the
continuum background and the background from single Higgs boson production are considered.

Table 7: Expected and observed numbers of events of the resonant �� search. An additional requirement of
120 GeV < <WW < 130 GeV is applied. The event numbers quoted for the scalar resonance signal assume an
arbitrary total production cross section f(?? ! - ! ��) equal to the observed exclusion limits of Figure 14. The
uncertainties on the continuum background are those arising from the fitting procedure. The uncertainties on the
single Higgs boson, Higgs boson pair and scalar resonance production are from the MC statistical error.

<- = 300 GeV <- = 500 GeV

Continuum background 5.6 ± 2.4 3.5 ± 2.0
Single Higgs boson background 0.339 ± 0.009 0.398 ± 0.010
SM �� background (20.6 ± 0.5) · 10�3 0.1932 ± 0.0015

- ! �� signal 5.771 ± 0.031 5.950 ± 0.026

Data 6 4

21



HH→bbγγ: Non-Resonant Analysis
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Figure 4: Reconstructed four-body mass for <- = 300 GeV and <- = 500 GeV resonant signal benchmarks
and for the WW+jets background. Dashed lines represent the distribution of <11̄WW while solid lines represent the
distribution of <⇤

11̄WW
, defined in Section 4.2.1. Distributions are normalized to unit area.
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the reconstructed photons, such as the leading and sub-leading photon’s angular information, the transverse
momentum over the invariant mass of the di-photon system are combined with jet-based information. The
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1-tagging status), <, = 80 GeV, and <C = 173 GeV. Among the input variables, <11̄ and �T show the
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Low Mass High Mass

• Train two BDTs for ggF in two mbbyy* regions 
• High mass region (mbbyy* > 350 GeV), training with 𝜅𝜆 = 1 (SM HH) signal 

• Low mass region (mbbyy* < 350 GeV), training with 𝜅𝜆 = 10 (BSM HH) signal 

• Further divide each mass region into low and high BDT score regions 
• BDT trained with the ggF HH signal used for both ggF and VBF 
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Figure 6: The BDT distribution of the di-Higgs ggF signal for two di�erent values of :_ and the main backgrounds in
the (a) low and (b) high mass region. Distributions are normalized to unit area. The dotted lines denote the category
boundaries. Events with a BDT score below 0.881 in the low mass region or below 0.857 in the high mass region are
discarded.

4.2.3 Resonant selection

The resonant analysis uses a multivariate analysis based on a BDT technique. A potential limitation of
a BDT-based selection is the low background statistics for higher resonance masses. To overcome this
limitation, a single BDT is trained for all resonance masses with the signal reweighted event-by-event
to match the <

⇤
11̄WW

distribution of the background events, such that the training is independent of the
resonant signal mass hypothesis.

Using the TMVA toolkit [105], two BDTs are trained to better separate the signal from backgrounds of
di�erent nature: the WW plus the CC̄WW backgrounds (BDTWW) and the single Higgs boson background
(BDTSingle� ), where /� and CC̄� production modes are the dominant resonant backgrounds. A complete
list of the variables used for the BDT training is detailed in Table 4. The ⇢

miss
T information is also used in

the training as it is useful to reject the single Higgs boson (CC̄� in particular) and the CC̄WW backgrounds.

The combined BDT score of an event is obtained by combining the two BDT scores in quadrature, as
shown in Equation (2):

BDTtot =
1q
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The coe�cients ⇠1, ⇠2 (⇠2 = 1 � ⇠1) and the BDTtot take values in the range [0,1]. Only events passing a
minimum requirement on the value of the BDTtot are considered in the analysis. The values of the ⇠1 and
⇠2 as well as the BDT cut value are scanned twice in order to maximize the significance. This two-stage
optimization procedure finds first the maximum significance that can be achieved for each resonance mass
point independently, leading to di�erent coe�cients and BDTtot requirement value for each mass parameter.
A second scan is done to select all coe�cients providing a significance within 5% from the maximum
value, for each of the resonance mass value. From those possible combinations a common ⇠1 coe�cient
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Figure 6: The BDT distribution of the di-Higgs ggF signal for two di�erent values of :_ and the main backgrounds in
the (a) low and (b) high mass region. Distributions are normalized to unit area. The dotted lines denote the category
boundaries. Events with a BDT score below 0.881 in the low mass region or below 0.857 in the high mass region are
discarded.
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HH→bbγγ: Non-Resonant Analysis
• Train two BDTs for ggF in two mbbyy* regions 

• High mass region (mbbyy* > 350 GeV), training with 𝜅𝜆 = 1 (SM HH) signal 

• Low mass region (mbbyy* < 350 GeV), training with 𝜅𝜆 = 10 (BSM HH) signal 

• Further divide each mass region into low and high BDT score regions 
• BDT trained with the ggF HH signal used for both ggF and VBF
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the (a) low and (b) high mass region. Distributions are normalized to unit area. The dotted lines denote the category
boundaries. Events with a BDT score below 0.881 in the low mass region or below 0.857 in the high mass region are
discarded.
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for events passing the common preselection criteria. The continuum
background is scaled by the WW, W-jet or jet-W, and di-jet fractions and normalized to the data sideband.
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(a) High mass BDT tight selection
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(b) High mass BDT loose selection
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(c) Low mass BDT tight selection
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(d) Low mass BDT loose selection

Figure 9: Distributions of <WW in all signal categories for the non-resonant �� search: (a) high mass BDT tight, (b)
high mass BDT loose, (c) low mass BDT tight, (d) low mass BDT loose. The continuum background is scaled by the
WW, W-jet, and di-jet fractions and normalized to the data sideband.
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Figure 7: The BDT score for the benchmark signals ((a) <- = 300 GeV and (b) <- = 500 GeV) and for the main
backgrounds. Distributions are normalized to unit area. The dotted lines denote the event selection thresholds.
Events with a BDT score below 0.85 for <- = 300 GeV or below 0.75 for <- = 500 GeV are discarded.

genuine di-photon events increases but the method su�ers from low statistics for both the non-resonant and
resonant cases.

Figure 8 shows the agreement between data and background prediction for the <WW and <
⇤
11̄WW

distributions,
after the common preselection. The continuum background is scaled by the WW, W-jet, and di-jet fractions
and normalized to the data sideband. The WW+jets continuum background is further divided according
to the flavors of the two jets (for example 11 or other jets). This decomposition is taken directly from
the proportions predicted by the S����� event generator, as described in Section 3, and it is shown
for illustration. Figures 9 and 10 show the <WW distribution after the non-resonant and resonant BDT
categorization and for two benchmark mass points <- = 300 GeV and <- = 500 GeV. The figures are
illustrative to show the signal and background composition. These studies are not used to determine the
background in the analysis workflow.

5 Signal and background parametrization

The signal and backgrounds are extracted by fitting analytic functions to the di-photon invariant mass
distribution in the range 105 GeV < <WW < 160 GeV in both the resonant and non-resonant �� searches.

5.1 Signal parameterization

For the di-Higgs signal and the single Higgs boson production background processes, the parameterized
forms are determined through fits to simulated samples and the expected normalizations are obtained
from their theoretical cross sections multiplied by the product of the acceptance times e�ciency from the
simulation. The di-photon invariant mass distribution shapes are modeled with a double-sided Crystal
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HH→bbγγ: Resonant Analysis

9

• Two BDTs trained to better separate the signal from backgrounds of different nature: 
• BDTγγ: γγ + ttγγ background 
• BDTsingleH: single-H backgrounds (ZH and ttH are the dominant bkgs) 

• Two BDT scores are combined in BDTtot 

• Mass-dependent cuts are applied on BDTtot to define the SR for each mass
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Figure 10: Distributions of <WW for the selections used for the resonance mass points (a) <- = 300 GeV and (b)
<- = 500 GeV for the resonant search. The non-resonant background is scaled by the WW, W-jet, and di-jet fractions
and normalized to the data sideband. The scalar resonance signal is scaled to an arbitrary cross section value.

Ball function [88, 107], which is characterized by a Gaussian core and asymmetric power law tails. This
function allows the modeling of situations in which non-Gaussian tails can arise from experimental e�ects,
such as photon energy mis-measurements.

The shape parameters are determined by fitting the di-photon mass distribution in simulation for each
category. The width of the fitted function is largely insensitive to the specific signal processes considered
in the analysis, with maximum variations of approximately 10%. For the non-resonant search, the
parameterized form of <WW is obtained from the simulation of the ggF and VBF �� processes with
^_ = 1, described in Section 3. No significant dependence of the functional form with ^_ was found.For
the resonant search, the functional form is obtained from the simulation of the heavy resonance signals.
Table 5 shows the e�ective resolution (the smallest mass window that contains 68% of the signal events,
termed f68) of the functional form fit to the <WW distribution for simulated Higgs boson pair events for
the non-resonant categories and for two di�erent mass hypotheses for an heavy resonant signal. For both
searches, the chosen functional forms are found to model both the single Higgs and di-Higgs boson events
well. As no statistically significant bias is observed in injection tests between the input and fitted signals,
the same parameterized functions are used.

Table 5: E�ective resolution of the the <WW invariant mass spectrum (the smallest mass window that contains 68% of
signal, termed f68) and corresponding statistical uncertainty are given for the non-resonant search categories and for
the two benchmark scalar resonant signals.

Category f68 [GeV]

High mass BDT tight 1.46 ± 0.01
High mass BDT loose 1.61 ± 0.02
Low mass BDT tight 1.72 ± 0.06
Low mass BDT loose 1.81 ± 0.03

Resonant <- = 300 GeV 1.96 ± 0.02
Resonant <- = 500 GeV 1.60 ± 0.01
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Figure 10: Distributions of <WW for the selections used for the resonance mass points (a) <- = 300 GeV and (b)
<- = 500 GeV for the resonant search. The non-resonant background is scaled by the WW, W-jet, and di-jet fractions
and normalized to the data sideband. The scalar resonance signal is scaled to an arbitrary cross section value.

Ball function [88, 107], which is characterized by a Gaussian core and asymmetric power law tails. This
function allows the modeling of situations in which non-Gaussian tails can arise from experimental e�ects,
such as photon energy mis-measurements.

The shape parameters are determined by fitting the di-photon mass distribution in simulation for each
category. The width of the fitted function is largely insensitive to the specific signal processes considered
in the analysis, with maximum variations of approximately 10%. For the non-resonant search, the
parameterized form of <WW is obtained from the simulation of the ggF and VBF �� processes with
^_ = 1, described in Section 3. No significant dependence of the functional form with ^_ was found.For
the resonant search, the functional form is obtained from the simulation of the heavy resonance signals.
Table 5 shows the e�ective resolution (the smallest mass window that contains 68% of the signal events,
termed f68) of the functional form fit to the <WW distribution for simulated Higgs boson pair events for
the non-resonant categories and for two di�erent mass hypotheses for an heavy resonant signal. For both
searches, the chosen functional forms are found to model both the single Higgs and di-Higgs boson events
well. As no statistically significant bias is observed in injection tests between the input and fitted signals,
the same parameterized functions are used.

Table 5: E�ective resolution of the the <WW invariant mass spectrum (the smallest mass window that contains 68% of
signal, termed f68) and corresponding statistical uncertainty are given for the non-resonant search categories and for
the two benchmark scalar resonant signals.

Category f68 [GeV]

High mass BDT tight 1.46 ± 0.01
High mass BDT loose 1.61 ± 0.02
Low mass BDT tight 1.72 ± 0.06
Low mass BDT loose 1.81 ± 0.03

Resonant <- = 300 GeV 1.96 ± 0.02
Resonant <- = 500 GeV 1.60 ± 0.01
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HH→bbγγ: Results

10

• No significant excess observed 
• 5 x improvement on the previous result (~26 x SM, 

with 36 fb-1) 
• 3 x improvement as a result of analysis improvements  

• Statistically dominated, few % impact from systematics
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Figure 12: Observed and expected limits at 95% CL on the cross section of non-resonant Higgs boson pair production
as a function of the Higgs boson self-coupling modifier ^_ = _��� /_SM

��� . The constraints on ^_ are obtained over
an expected hypothesis excluding ?? ! �� production. The ±1f and ±2f variations about the expected limit due
to statistical and systematic uncertainties are also shown. The theory prediction curve represents the scenario where
all parameters and couplings are set to their SM values except for ^_. The uncertainty band of the theory prediction
curve shows the cross section uncertainty.
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Figure 13: Data are compared to the background-only fit for the resonant search for the (a) <- = 300 GeV and (b)
<- = 500 GeV mass hypotheses. The continuum background, as well as the background from single Higgs boson
production and from the SM �� production are considered.
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Figure 14: Observed and expected limits at 95% CL on the production cross section of a narrow width scalar
resonance - as a function of the mass <- of the hypothetical scalar particle. The black solid line represents the
observed upper limits. The dashed line represents the expected upper limits. The ±1f and ±2f variations about the
expected limit due to statistical and systematic uncertainties are also shown.

Table 8: Breakdown of the dominant systematic uncertainties. The impact of the uncertainties is defined according to
the statistical analysis described in Section 7. It corresponds to the variation on the upper limit on the signal strength
when re-evaluating the profile likelihood ratio after fixing the nuisance parameter in question to its best-fit value
increased or decreased by one standard deviation, while all remaining nuisance parameters remain free to float. The
impact is shown in %. Only systematic uncertainties with an impact of at least 0.5% are shown. Uncertainties of
Norm. + Shape type have e�ects on both the normalization and the parameters of the functional form, the rest of
uncertainties a�ects only the yields.

Relative impact of the systematic uncertainties in %

Source Type Non-resonant analysis Resonant analysis
�� <- = 300 GeV

Experimental

Photon energy scale Norm. + Shape 5.2 2.7
Photon energy resolution Norm. + Shape 1.8 1.6
Flavor tagging Normalization 0.5 < 0.5

Theoretical

Heavy flavor content Normalization 1.5 < 0.5
Higgs boson mass Norm. + Shape 1.8 < 0.5
PDF+Us Normalization 0.7 < 0.5

Spurious signal Normalization 5.5 5.4

23

ggF+VBF Limit on σHH [fb] Limit on μ (σ/σSM)
Obs (Exp) 130 (180) 4.1 (5.5)

Non-Resonant Results

• No significant excess observed 
• Limits set on narrow width scalar resonances from 251 

GeV to 1000 GeV 
• Obs (exp) varies between 610-47 fb (360-43 fb) 
• 2 x-3 x improvement depending on mX  

• 1/3 x improvement from the BDT strategy

Resonant Results



ΗΗ→bbττ
Publication:            ATLAS-CONF-2021-030  
Physics Briefing:  Two Higgs bosons are better than one 

https://cds.cern.ch/record/2777236
https://atlas.cern/updates/briefing/two-Higgs-better-one


1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
BDT score

1

10

210

310

410

510

610

710

Ev
en

ts
 / 

0.
14 Data 

SM HH at exp. limit
Top-quark

 fakes (MJ)hadτ →Jet 
 + (bb,bc,cc)ττ →Z 

)t fakes (thadτ →Jet 
Other
SM Higgs
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1 = 13 TeV, 139 fbs

hadτhadτ

Signal Region

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
BDT score

0.5

1

1.5

D
at

a/
Pr

ed
.

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
NN score

1

10

210

310

410

510

610

710

810

910

Ev
en

ts
 / 

0.
07 Data 

SM HH at exp. limit
Top-quark

 fakeshadτ →Jet 
 + (bb,bc,cc)ττ →Z 

Other
SM Higgs
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1 = 13 TeV, 139 fbs

 SLThadτlepτ

Signal Region

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
NN score

0.5

1

1.5

D
at

a/
Pr

ed
.

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
NN score

1

10

210

310

410

510

610

Ev
en

ts
 / 

0.
07 Data 

SM HH at exp. limit
Top-quark

 fakeshadτ →Jet 
 + (bb,bc,cc)ττ →Z 

Other
SM Higgs
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1 = 13 TeV, 139 fbs

 LTThadτlepτ

Signal Region

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
NN score

0.5

1

1.5

D
at

a/
Pr

ed
.

(c)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 = 500 GeV) score

X
PNN (m

1

10

210

310

410

510

610

710

Ev
en

ts
 / 

0.
13 Data 

X at exp. limit
 = 500 GeVXm

Top-quark
 fakes (MJ)hadτ →Jet 

 + (bb,bc,cc)ττ →Z 
)t fakes (thadτ →Jet 

Other
SM Higgs
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1 = 13 TeV, 139 fbs

hadτhadτ

Signal Region

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 = 500 GeV) score

X
PNN (m

0.5

1

1.5

D
at

a/
Pr

ed
.

(d)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 = 500 GeV) score

X
PNN (m

1

10

210

310

410

510

610

710

810

910

1010

Ev
en

ts
 / 

0.
09 Data 

X at exp. limit
 = 500 GeVXm

Top-quark
 fakeshadτ →Jet 

 + (bb,bc,cc)ττ →Z 
Other
SM Higgs
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1 = 13 TeV, 139 fbs

 SLThadτlepτ

Signal Region

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 = 500 GeV) score

X
PNN (m

0.5

1

1.5

D
at

a/
Pr

ed
.

(e)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 = 500 GeV) score

X
PNN (m

1

10

210

310

410

510

610

710

Ev
en

ts
 / 

0.
09 Data 

X at exp. limit
 = 500 GeVXm

Top-quark
 fakeshadτ →Jet 

 + (bb,bc,cc)ττ →Z 
Other
SM Higgs
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1 = 13 TeV, 139 fbs

 LTThadτlepτ

Signal Region

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 = 500 GeV) score

X
PNN (m

0.5

1

1.5

D
at

a/
Pr

ed
.

(f)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 = 1000 GeV) score

X
PNN (m

1

10

210

310

410

510

610

710

810

Ev
en

ts
 / 

0.
33 Data 

X at exp. limit
 = 1000 GeVXm

Top-quark
 fakes (MJ)hadτ →Jet 

 + (bb,bc,cc)ττ →Z 
)t fakes (thadτ →Jet 

Other
SM Higgs
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1 = 13 TeV, 139 fbs

hadτhadτ

Signal Region

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 = 1000 GeV) score

X
PNN (m

0
0.5

1
1.5

2

D
at

a/
Pr

ed
.

(g)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 = 1000 GeV) score

X
PNN (m

1

10

210

310

410

510

610

710

810

910

1010

Ev
en

ts
 / 

0.
25 Data 

X at exp. limit
 = 1000 GeVXm

Top-quark
 fakeshadτ →Jet 

 + (bb,bc,cc)ττ →Z 
Other
SM Higgs
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1 = 13 TeV, 139 fbs

 SLThadτlepτ

Signal Region

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 = 1000 GeV) score

X
PNN (m

0
0.5

1
1.5

2

D
at

a/
Pr

ed
.

(h)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 = 1000 GeV) score

X
PNN (m

1

10

210

310

410

510

610

710

Ev
en

ts
 / 

0.
33 Data 

X at exp. limit
 = 1000 GeVXm

Top-quark
 fakeshadτ →Jet 

 + (bb,bc,cc)ττ →Z 
Other
SM Higgs
Uncertainty
Pre-fit background

ATLAS Preliminary
 -1 = 13 TeV, 139 fbs

 LTThadτlepτ

Signal Region

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 = 1000 GeV) score

X
PNN (m

0
0.5

1
1.5

2

D
at

a/
Pr

ed
.

(i)

Figure 7: The MVA output distributions in the search for non-resonant HH signal (top) and in the search for
resonant HH signal with mX = 500 GeV (middle row) and mX = 1000 GeV (bottom), in the ⌧had⌧had (left), ⌧lep⌧had
single-lepton trigger (middle column) and ⌧lep⌧had lepton-plus-⌧had-vis trigger (right) categories. The distributions are
shown after the fit to the background-only hypothesis. The signal is overlaid and scaled to the combined expected
limit. The dashed histogram shows the total pre-fit background. The lower panels show the ratio between data
and the total post-fit background, where the hatched band shows the statistical and systematic uncertainties on that
background. For visualisation purposes, these histograms are displayed using uniform bin widths instead of the bin
edges used in the fit, though the bin contents correspond to those used in the fit.
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• Search for non-resonant (ggF+VBF) and resonant HH production using 139 fb-1 of pp data 
• 2 b-jets and 2 τ-leptons 

• Two initial categories based on the di-τ decay mode: 
• τlepτhad: e/µ and oppositely charged τhad 
• τhadτhad: two oppositely charge τhad 

• Backgrounds: 
• True τhad in ttbar and Z+HF (from MC, normalization from data) 
• Fake τhad (jets faking τhad) in ttbar and multi-jet (data-driven) 

• Likelihood fits to MVA scores in 3 signal regions (SRs) and 1 control region (CR): 
• τlepτhad Single Lepton Trigger (SLT) SR - high acceptance, large ttbar contamination 
• τlepτhad Lepton Tau Trigger (LTT) SR - lowered pT(l) improves low-mass sensitivity 
• τhadτhad  Single- and Di- Tau Triggers (STT/DTT) SR - high purity 
• Z(→ll)+HF CR - measurement in bbll final state, mll used as a discriminant

12

HH→bbττ: Analysis Overview
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HH→bbττ: Non-Resonant Results

13

• 4 x improvement wrt previous SM limits (with 36 fb-1) 
• 2 x due to improvements in τhad and b-jet reconstruction/identification, and 

improvements in the MVA classification strategy and the fake estimation methods  
• Statistically dominated, largest systematics from background modelling

Table 5: Observed and expected upper limits at 95% CL on the cross-section of non-resonant HH production
according to SM-like kinematics, and on the cross-section of non-resonant HH production divided by the SM
prediction. The ±1 � and ±2 � variations around the expected limit are also shown.

Observed �2 � �1 � Expected +1 � +2 �

⌧had⌧had
�ggF+VBF [fb] 145 70.5 94.6 131 183 245

�ggF+VBF/�SM
ggF+VBF 4.95 2.38 3.19 4.43 6.17 8.27

⌧lep⌧had
�ggF+VBF [fb] 265 124 167 231 322 432

�ggF+VBF/�SM
ggF+VBF 9.16 4.22 5.66 7.86 10.9 14.7

Combined �ggF+VBF [fb] 135 61.3 82.3 114 159 213
�ggF+VBF/�SM

ggF+VBF 4.65 2.08 2.79 3.87 5.39 7.22
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Figure 8: Observed and expected limits at 95% CL on the cross-section of the resonant HH production as a function
of the scalar resonance mass mX . The dashed lines show the expected limits while the solid lines show the observed
limits. The blue and red lines are the limits for the ⌧had⌧had channel and ⌧lep⌧had channel, respectively. The black lines
are the combined limits of the two channels. The ±1� and ±2� variations around the expected combined limit are
indicated by the turquoise and yellow bands, respectively. The limits are obtained using the profile-likelihood test
statistic and the modified frequentist CLs technique.
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The highest expected sensitivity to non-resonant HH production to date
Limits on µ include the new cross-section uncertainties



Table 5: Observed and expected upper limits at 95% CL on the cross-section of non-resonant HH production
according to SM-like kinematics, and on the cross-section of non-resonant HH production divided by the SM
prediction. The ±1 � and ±2 � variations around the expected limit are also shown.

Observed �2 � �1 � Expected +1 � +2 �

⌧had⌧had
�ggF+VBF [fb] 145 70.5 94.6 131 183 245

�ggF+VBF/�SM
ggF+VBF 4.95 2.38 3.19 4.43 6.17 8.27

⌧lep⌧had
�ggF+VBF [fb] 265 124 167 231 322 432

�ggF+VBF/�SM
ggF+VBF 9.16 4.22 5.66 7.86 10.9 14.7

Combined �ggF+VBF [fb] 135 61.3 82.3 114 159 213
�ggF+VBF/�SM

ggF+VBF 4.65 2.08 2.79 3.87 5.39 7.22
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Figure 8: Observed and expected limits at 95% CL on the cross-section of the resonant HH production as a function
of the scalar resonance mass mX . The dashed lines show the expected limits while the solid lines show the observed
limits. The blue and red lines are the limits for the ⌧had⌧had channel and ⌧lep⌧had channel, respectively. The black lines
are the combined limits of the two channels. The ±1� and ±2� variations around the expected combined limit are
indicated by the turquoise and yellow bands, respectively. The limits are obtained using the profile-likelihood test
statistic and the modified frequentist CLs technique.
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HH→bbττ: Resonant Results

14

• The most significant excess for τhadτhad (τlepτhad) at 1 TeV (1.1 TeV), a local significance of 2.8σ (1.5σ) 
• The most significant combined excess is at mX=1 TeV with a local significance of 3.0σ and          

a global significance of 2.0(+0.4, -0.2)σ 



ΗΗ→bbbb
Publication:           ATLAS-CONF-2021-035 
Physics Briefing: Probing new physics with pairs of Higgs bosons 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/
https://atlas.cern/updates/briefing/double-Higgs-to-bottoms
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• Search for resonant HH production in resolved (boosted) channels using 126 (139) fb-1 of pp data 
• Narrow-width spin-0 resonance and spin-2 Kaluza-Klein graviton

b b

b b

b

b
b
b

Resolved: 
• Require 4 small R-jets (R=0.4) 
• Targets low-medium mass resonances: 

• mX = 251-1500 GeV

Boosted: 
• Require 2 large R-jets (R=1.0) 

• Variable-radius track jets are used for b-tagging 
• Targets high mass resonances:  

• mX = 900-3000 GeV

Two channels statistically combined in the overlap mass range
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• Uses a combination of b-jet, jet and HT (∑jets |ET|) triggers 
• At least 4 small R-jets is required in an event 
• BDT is used to pair the jets into Higgs boson candidates  

• Two categories: 
• 4b signal region: 4 b-jets  
• 2b category for background estimate: 2 b-jets + 2 untagged jets 

• Fully data-driven background estimation: 
• ~95% multijet, ~5% from ttbar 
• Derive weights in the CR, mapping from 2b to 4b 
• Apply weights in 2b SR to get a model of background in the 4b SR 

• Likelihood fit in bins of “corrected mHH”

Figure 2: Kinematic region definitions superimposed on the resolved 2b data for the full 2016–2018 dataset. H1 and
H2 are the reconstructed Higgs boson candidates, sorted by pT.

SM Higgs boson mass is due to detector e�ects, as well as energy lost to neutrinos from the b-hadron
decays and to out-of-cone radiation. Jets with lower pT, which are more likely to comprise H2, are more
susceptible to these e�ects. The validation region (VR) contains the events not in the SR which satisfy the
condition

R
VR
HH ⌘

q�
m(H1) � 1.03 ⇥ 120 GeV

�2
+
�
m(H2) � 1.03 ⇥ 110 GeV

�2
< 30 GeV. (3)

Finally, the control region (CR) contains the events not in the SR or VR which satisfy the condition

R
CR
HH ⌘

q�
m(H1) � 1.05 ⇥ 120 GeV

�2
+
�
m(H2) � 1.05 ⇥ 110 GeV

�2
< 45 GeV. (4)

The centers of the VR and CR are shifted with respect to the SR to ensure that the mean H candidate
masses are equal in the three regions. The shapes of these regions in the m(H1)–m(H2) plane are shown
with the 2b data in Figure 2.

After the full selection, the final discriminating variable “corrected m(HH)” is constructed. This is obtained
by rescaling the four-momenta of the H candidates such that m(H1) = m(H2) = 125 GeV. The corrected
m(HH) is then the invariant mass of the sum of the two resulting four-momenta. This procedure improves
the scale and resolution of the reconstructed signal mass distribution by correcting for detector e�ects and
physical processes such as radiative emission outside the jet cones. This correction improves the signal
mass resolution by up to 25% and shifts the mean of the mass distribution closer to the true value. It also
modifies the background shape, but does not introduce any signal-like features. The signal e�ciency times
acceptance for the various event selection steps is shown in Figure 3. The e�ciency at low resonance
masses is mainly limited by the trigger. At high resonance masses the jets start to merge together and the
reconstruction and b-tagging e�ciencies decrease. The e�ciency is substantially larger for the spin-2
model than for the spin-0 model because the corrected m(HH) distribution of the spin-2 model is much

9

2b
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• Uses a combination of b-jet, jet and HT (∑jets |ET|) triggers 
• At least 4 small R-jets is required in an event 
• BDT is used to pair the jets into Higgs boson candidates  

• Two categories: 
• 4b signal region: 4 b-jets  
• 2b category for background estimate: 2 b-jets + 2 untagged jets 

• Fully data-driven background estimation: 
• ~95% multijet, ~5% from ttbar 
• Derive weights in the CR, mapping from 2b to 4b 
• Apply weights in 2b SR to get a model of background in the 4b SR 

• Likelihood fit in bins of “corrected mHH”

Figure 2: Kinematic region definitions superimposed on the resolved 2b data for the full 2016–2018 dataset. H1 and
H2 are the reconstructed Higgs boson candidates, sorted by pT.

SM Higgs boson mass is due to detector e�ects, as well as energy lost to neutrinos from the b-hadron
decays and to out-of-cone radiation. Jets with lower pT, which are more likely to comprise H2, are more
susceptible to these e�ects. The validation region (VR) contains the events not in the SR which satisfy the
condition

R
VR
HH ⌘

q�
m(H1) � 1.03 ⇥ 120 GeV

�2
+
�
m(H2) � 1.03 ⇥ 110 GeV

�2
< 30 GeV. (3)

Finally, the control region (CR) contains the events not in the SR or VR which satisfy the condition

R
CR
HH ⌘

q�
m(H1) � 1.05 ⇥ 120 GeV

�2
+
�
m(H2) � 1.05 ⇥ 110 GeV

�2
< 45 GeV. (4)

The centers of the VR and CR are shifted with respect to the SR to ensure that the mean H candidate
masses are equal in the three regions. The shapes of these regions in the m(H1)–m(H2) plane are shown
with the 2b data in Figure 2.

After the full selection, the final discriminating variable “corrected m(HH)” is constructed. This is obtained
by rescaling the four-momenta of the H candidates such that m(H1) = m(H2) = 125 GeV. The corrected
m(HH) is then the invariant mass of the sum of the two resulting four-momenta. This procedure improves
the scale and resolution of the reconstructed signal mass distribution by correcting for detector e�ects and
physical processes such as radiative emission outside the jet cones. This correction improves the signal
mass resolution by up to 25% and shifts the mean of the mass distribution closer to the true value. It also
modifies the background shape, but does not introduce any signal-like features. The signal e�ciency times
acceptance for the various event selection steps is shown in Figure 3. The e�ciency at low resonance
masses is mainly limited by the trigger. At high resonance masses the jets start to merge together and the
reconstruction and b-tagging e�ciencies decrease. The e�ciency is substantially larger for the spin-2
model than for the spin-0 model because the corrected m(HH) distribution of the spin-2 model is much

9

CR

2b
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• Uses a combination of b-jet, jet and HT (∑jets |ET|) triggers 
• At least 4 small R-jets is required in an event 
• BDT is used to pair the jets into Higgs boson candidates  

• Two categories: 
• 4b signal region: 4 b-jets  
• 2b category for background estimate: 2 b-jets + 2 untagged jets 

• Fully data-driven background estimation: 
• ~95% multijet, ~5% from ttbar 
• Derive weights in the CR, mapping from 2b to 4b 
• Apply weights in 2b SR to get a model of background in the 4b SR 

• Likelihood fit in bins of “corrected mHH”
Figure 2: Kinematic region definitions superimposed on the resolved 2b data for the full 2016–2018 dataset. H1 and
H2 are the reconstructed Higgs boson candidates, sorted by pT.

SM Higgs boson mass is due to detector e�ects, as well as energy lost to neutrinos from the b-hadron
decays and to out-of-cone radiation. Jets with lower pT, which are more likely to comprise H2, are more
susceptible to these e�ects. The validation region (VR) contains the events not in the SR which satisfy the
condition

R
VR
HH ⌘

q�
m(H1) � 1.03 ⇥ 120 GeV

�2
+
�
m(H2) � 1.03 ⇥ 110 GeV

�2
< 30 GeV. (3)

Finally, the control region (CR) contains the events not in the SR or VR which satisfy the condition

R
CR
HH ⌘

q�
m(H1) � 1.05 ⇥ 120 GeV

�2
+
�
m(H2) � 1.05 ⇥ 110 GeV

�2
< 45 GeV. (4)

The centers of the VR and CR are shifted with respect to the SR to ensure that the mean H candidate
masses are equal in the three regions. The shapes of these regions in the m(H1)–m(H2) plane are shown
with the 2b data in Figure 2.

After the full selection, the final discriminating variable “corrected m(HH)” is constructed. This is obtained
by rescaling the four-momenta of the H candidates such that m(H1) = m(H2) = 125 GeV. The corrected
m(HH) is then the invariant mass of the sum of the two resulting four-momenta. This procedure improves
the scale and resolution of the reconstructed signal mass distribution by correcting for detector e�ects and
physical processes such as radiative emission outside the jet cones. This correction improves the signal
mass resolution by up to 25% and shifts the mean of the mass distribution closer to the true value. It also
modifies the background shape, but does not introduce any signal-like features. The signal e�ciency times
acceptance for the various event selection steps is shown in Figure 3. The e�ciency at low resonance
masses is mainly limited by the trigger. At high resonance masses the jets start to merge together and the
reconstruction and b-tagging e�ciencies decrease. The e�ciency is substantially larger for the spin-2
model than for the spin-0 model because the corrected m(HH) distribution of the spin-2 model is much
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SR
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• Uses a combination of b-jet, jet and HT (∑jets |ET|) triggers 
• At least 4 small R-jets required  
• BDT is used to pair the jets into Higgs boson candidates  

• Two categories: 
• 4b signal region: 4 b-jets  
• 2b category for background estimate: 2 b-jets + 2 untagged jets 

• Fully data-driven background estimation: 
• ~95% multijet, ~5% from ttbar 
• Derive weights in the CR, mapping from 2b to 4b 
• Apply weights in 2b SR to get a model of background in the 4b SR 

• Likelihood fit in bins of “corrected mHH”

Figure 6: Corrected m(HH) distribution in the resolved 4b signal region (dots), after the fit under the background-only
hypothesis. The error bars on the 4b points represent the Poisson uncertainties corresponding to their event yields.
The background model (teal histogram) is shown with its total post-fit uncertainty (grey band). The final bin
includes overflow. Representative spin-0 signal hypotheses (dashed, dotted, and dashed-dotted lines) are overlaid,
normalized to the overall expected limits on their cross-sections. The bottom panel shows the di�erence between the
4b distribution and the background model, relative to the background model. No significant excess of data with
respect to the SM background is observed.

Table 2: Resolved 4b signal region data, estimated background, and signal event yields in corrected m(HH) windows
containing roughly 90% of each signal, for representative spin-2 mass hypotheses. The signal is normalized to the
overall expected limit on its cross-section; its uncertainties are evaluated by adding all individual components in
quadrature. The background yields and uncertainties are evaluated after a background-only fit to the data.

m(G⇤
KK) [GeV] Corrected m(HH) range [GeV] Data Background model Spin-2 signal model

260 [250, 393] 26 775 26 650 ± 130 368 ± 25
500 [464, 636] 4 655 4 719 ± 37 138.6 ± 5.7
800 [707, 950] 795 811 ± 13 52.1 ± 1.9
1200 [993, 1279] 146 120.6 ± 2.8 14.45 ± 0.67
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“corrected mHH” calculated by 
• rescaling Higgs candidates’ 4-vectors such that 

m(H1)=m(H2)=125 GeV 
• sum the rescaled 4-vectors and take the invariant mass
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• Uses single large-R jet trigger 
• At least two large-R jets required 
• Fully data-driven multijet background estimation 
• The remainder from ttbar, from MC 

• Up t0 30% contribution 
• Data-driven corrections applied in 2b and 3b categories 

•  3 SRs are defined: 2b, 3b, 4b categories

  

4b 3b 2b

2b-2f 2b-1f 1b-1f

Figure 7: Illustration of the three high-tag categories (4b, 3b, and 2b) with the corresponding low-tag categories
used to estimate the multijet background (2b-2 f , 2b-1 f , and 1b-1 f ). Teal cones represent large-R jets, yellow cones
represent associated b-tagged track jets, and white cones represent associated untagged track jets. For H candidates
with more than two associated track jets, only the two with the highest pT are considered.

The untagged H candidate in the 2b-1 f region is allowed to have more than one track jet because requiring
exactly one would result in a very small number of events in this category. In these low-tag categories, the
H candidate that has no b-tagged track jets is also referred to as untagged, while the other one is labeled as
tagged. A diagram of events in these high-tag and low-tag categories is shown in Figure 7.

Events passing the 2b-2 f criteria also necessarily pass the 2b-1 f criteria. To avoid overlap between the
two categories, these events are distributed randomly between them, with 80% allocated as 2b-1 f events
and the remaining 20% allocated as 2b-2 f events. This corresponds roughly to the ratio of background
events present in the two categories.

Similarly to the resolved channel, events are sorted into signal, validation, and control regions based on the
invariant masses of the H candidates. The SR is defined by requiring X

HH
< 1.6, where

X
HH
=

s✓
m(H1) � 124 GeV

0.1 ⇥ m(H1)

◆2
+

✓
m(H2) � 115 GeV

0.1 ⇥ m(H2)

◆2
. (8)

This definition, as well as those of the validation and control regions, slightly di�ers from that in the
resolved channel. This is due to the di�erent energy scale of the boosted jet reconstruction and the di�erent
background distribution. The VR contains the events not in the SR which satisfy the condition

R
VR
HH ⌘

q�
m(H1) � 124 GeV

�2
+
�
m(H2) � 115 GeV

�2
< 33 GeV. (9)
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Figure 8: Kinematic region definitions superimposed on the data in the 2b-1 f category. H1 and H2 are the
reconstructed Higgs boson candidates, sorted by pT.

Finally, the CR contains the events not in the SR or VR which satisfy the condition

R
CR
HH ⌘

q�
m(H1) � 134 GeV

�2
+
�
m(H2) � 125 GeV

�2
< 58 GeV. (10)

The CR is shifted to higher masses relative to the signal and validation regions in order to maximize the
number of selected events while avoiding the low-mass peak of the multijet background distribution. The
definition of these regions in the m(H1) � m(H2) plane are shown with the 2b-1 f data in Figure 8.

In order to ensure orthogonality between the resolved and boosted channels, any events passing the resolved
signal region selection are vetoed from the boosted channel. This priority choice results in the best signal
sensitivity.

The signal acceptance times e�ciency for various steps of the selection is shown in Figure 9.

6.2 Background Estimation

As in the resolved channel, the background in the boosted channel is dominated by pure QCD multijet
processes (excluding top quark production), with the remainder comprised almost entirely of tt production.
The fractions of tt relative to the total background are 10%, 15% and 30% for the 4b, 3b and 2b regions,
respectively. Other background sources, such as single Higgs boson production, SM HH production,
(Z ! bb)+jets, and Z Z ! bbbb account for  1% of the total and are neglected.

A data-driven method is used to estimate the multijet background in each of the 4b, 3b, and 2b signal
regions. The tt background is estimated from MC simulation, with corrections derived from data applied
in the 3b and 2b regions.

18

2b-1f

4b background from 2b-2f 
3b background from 2b-1f 
2b background from 1b-1f 
Region definitions slightly different from the 
resolved analysis 

High-tag 
categories

Low-tag 
categories
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• Uses single large-R jet trigger 
• At least two large-R jets required 
• Fully data-driven multijet background estimation 
• The remainder from ttbar, from MC 

• Up t0 30% contribution 
• Data-driven corrections applied in 2b and 3b categories 

•  3 SRs are defined: 2b, 3b, 4b categories

  

4b 3b 2b

2b-2f 2b-1f 1b-1f

Figure 7: Illustration of the three high-tag categories (4b, 3b, and 2b) with the corresponding low-tag categories
used to estimate the multijet background (2b-2 f , 2b-1 f , and 1b-1 f ). Teal cones represent large-R jets, yellow cones
represent associated b-tagged track jets, and white cones represent associated untagged track jets. For H candidates
with more than two associated track jets, only the two with the highest pT are considered.

The untagged H candidate in the 2b-1 f region is allowed to have more than one track jet because requiring
exactly one would result in a very small number of events in this category. In these low-tag categories, the
H candidate that has no b-tagged track jets is also referred to as untagged, while the other one is labeled as
tagged. A diagram of events in these high-tag and low-tag categories is shown in Figure 7.

Events passing the 2b-2 f criteria also necessarily pass the 2b-1 f criteria. To avoid overlap between the
two categories, these events are distributed randomly between them, with 80% allocated as 2b-1 f events
and the remaining 20% allocated as 2b-2 f events. This corresponds roughly to the ratio of background
events present in the two categories.

Similarly to the resolved channel, events are sorted into signal, validation, and control regions based on the
invariant masses of the H candidates. The SR is defined by requiring X

HH
< 1.6, where

X
HH
=

s✓
m(H1) � 124 GeV

0.1 ⇥ m(H1)

◆2
+

✓
m(H2) � 115 GeV

0.1 ⇥ m(H2)

◆2
. (8)

This definition, as well as those of the validation and control regions, slightly di�ers from that in the
resolved channel. This is due to the di�erent energy scale of the boosted jet reconstruction and the di�erent
background distribution. The VR contains the events not in the SR which satisfy the condition

R
VR
HH ⌘

q�
m(H1) � 124 GeV

�2
+
�
m(H2) � 115 GeV

�2
< 33 GeV. (9)
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Figure 13: The m(HH) distributions in the boosted (a) 2b, (b) 3b, and (a) 4b signal regions (dots), after the fit under
the background-only hypothesis. The error bars on the data points represent the Poisson uncertainties corresponding
to their event yields. The background model (stacked histogram) is shown with its total post-fit uncertainty (grey
band). The background uncertainty is not allowed to extend below zero. The uncertainty bands drawn are approximate
at high masses, but are handled correctly in the statistical interpretation. Representative spin-0 signal hypotheses
(dashed and dashed-dotted lines) are overlaid, normalized to the overall expected limits on their cross-sections. The
bottom panel shows the di�erence between the data and the background model, normalized to the background model.
No significant excess of data with respect to the SM background is observed.
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• Set upper limits at 95% CL on σxBR of resonant X/G*KK → HH production 
• The most significant excess at 1.1 TeV 

• Local significance 2.6σ (2.7σ) for the spin-0 (spin-2) model 
• Global signifance 1.0σ (1.2σ) for the spin-0 (spin-2) model 

• Statistically dominated, the impact of systematic uncertainties up to ~16%, mainly from the background modelling(a)
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Figure 14: Expected (dashed black lines) and observed (solid black lines) 95% CL upper limits on the cross-section
times branching ratio of resonant X/G

⇤
KK ! HH production in the (a) spin-0 and (b) spin-2 signal models. The

±1� and ±2� ranges for the expected limits (colored bands) are shown. Expected limits using each of the resolved
and boosted channels individually (dashed colored lines) are shown. The theoretical prediction for the bulk RS
model with k/MPl = 1 [27] (solid red line) is shown; the decrease below 350 GeV is due to a sharp reduction in the
G

⇤
KK ! HH branching ratio. The nominal H ! bb̄ branching ratio is taken as 0.582.
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Figure 14: Expected (dashed black lines) and observed (solid black lines) 95% CL upper limits on the cross-section
times branching ratio of resonant X/G

⇤
KK ! HH production in the (a) spin-0 and (b) spin-2 signal models. The

±1� and ±2� ranges for the expected limits (colored bands) are shown. Expected limits using each of the resolved
and boosted channels individually (dashed colored lines) are shown. The theoretical prediction for the bulk RS
model with k/MPl = 1 [27] (solid red line) is shown; the decrease below 350 GeV is due to a sharp reduction in the
G

⇤
KK ! HH branching ratio. The nominal H ! bb̄ branching ratio is taken as 0.582.
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model exluded for  
graviton masses between  

298 GeV and 1440 GeV 



VBF ΗΗ→bbbb
Publication:           JHEP 07 (2020) 108 
Physics Briefing: Double the Higgs for double the difficulty  

https://link.springer.com/article/10.1007/JHEP07(2020)108
https://atlas.cern/updates/briefing/double-higgs-double-difficulty
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Figure 4: Post-fit mass distribution of the �� candidates in the (a) signal and (b) validation regions. The expected
background is shown after the profile-likelihood fit to data with the background-only hypothesis; the narrow-width
resonant signal at 800 GeV and the non-resonant signal at ^2+ = 3 are overlaid in the signal region, both normalised
to the corresponding observed upper limits on the cross-section. The lower panel shows the ratio of the observed data
to the estimated SM background. The distribution of events is shown per mass interval corresponding to the bin
width of 40 GeV, while the overflow events are included in the last bin.
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Figure 5: Observed and expected 95% CL upper limits on the production cross-section for resonant �� production
via VBF as a function of the mass <- . The (a) narrow- and (b) broad-width resonance hypotheses are presented.
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Figure 3: Two-dimensional mass regions used in the analysis. The signal region is inside the inner (red) dashed curve,
the validation region is outside the signal region and within the intermediate (orange) circle, and the sideband is
outside the validation region and within the outer (yellow) circle. The regions are shown for (a) simulated events
from the SM non-resonant �� process and (b) the estimated multÚet background.

6.1 Mult�et background

The data-driven multÚet background estimation uses data events with lower 1-jet multiplicity and reweights
them to model events with higher 1-jet multiplicity. The multÚet events are selected using the same trigger
and selection requirements as those used in the SR, except for the 1-tagging requirement. In particular,
the SR requires at least four 1-jets (“four-tag sample”). To derive a background estimate for this region,
events with at least four central jets, but with only two of them 1-tagged (“two-tag sample”), are used.
The events in the two-tag sample are reweighted by applying a product of two event weights. The first
event weight corrects for the additional 1-tagged jet activity and the second event weight corrects for the
kinematic di�erences caused by requiring additional 1-tagged jets. These di�erences can arise for a variety
of reasons: the 1-tagging e�ciency varies as a function of jet ?T and [; the various multÚet processes
contribute with di�erent fractions in each sample; and the fraction of events accepted by each trigger path
changes. The reweighting is performed using one-dimensional distributions and is iterated until the weights
converge to stable values. Details of the reweighting procedure can be found in Ref. [8]. The weights are
derived in the SB using the procedure described above and validated in the VR.

6.2 t t̄ background

The shape of the CC̄ background is modelled using simulation. The CC̄ events are expected to contain two
1-jets from the decay of two top quarks and additional jets stemming from the hadronic ,-boson decay or
additional quarks or gluons produced together with two top quarks. To reduce the statistical uncertainty,

10

• Search for resonant and non-resonant VBF HH production using 126 fb-1 of pp data 
• Use a combination of b-jet triggers 
• Distinct VBF signature: two high pT jets with a large rapidity gap and invariant mass 

• Based on early Run-2 ggF resolved analysis strategy, with optimizations for the VBF HH process 
• 95% multijet background (data-driven), 5% ttbar (simulation) 
• ggF HH process treated as a background, normalised to the SM expectation

25

VBF HH→bbbb: Analysis Overview

m4b used as a final discriminant
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prediction of the cross-section as a function of ^2+ is also shown. More details on the predicted cross-section can be
found in Section 3.

The expected and observed limits on SM non-resonant �� production via VBF are given in Table 2.
Limits are also calculated as a function of ^2+ , as presented in Figure 6. The observed excluded region
corresponds to ^2+ < �0.43 and ^2+ > 2.56, while the expected exclusion is ^2+ < �0.55 and ^2+ > 2.72.
For ^2+ values deviating from the SM prediction, growing non-cancellation e�ects result in a harder <��

spectrum, and thereby higher-?T 1-jets, which in turn lead to increased signal acceptance times e�ciency
as shown in Figure 2. This search is therefore not sensitive to the region close to the SM prediction,
corresponding to ^2+ = 1 .

Table 2: Upper limits at 95% CL for SM non-resonant �� production via VBF in fb (first row) and normalised to
its SM expectation, fSM

VBF (second row). Uncertainties related to the branching ratio of the � ! 11̄ decay are not
considered.

Observed �2f �1f Expected +1f +2f

fVBF [fb] 1460 510 690 950 1330 1780

fVBF/fSM
VBF 840 290 400 550 770 1030

Table 3 summarises the relative impact of the uncertainties on the best-fit signal cross-section for two
di�erent narrow-width resonance production hypotheses, with masses equal to 300 GeV and 800 GeV. Only
major sources of systematic uncertainty are quoted along with the impact of the statistical uncertainty. The
uncertainties of similar nature are grouped into unique categories and the fit is performed independently

14

• No significant excess observed 
• Limits set on: 

• Spin-0 narrow and broad width resonances 
• SM σHH and κ2v 

• Statistically limited, followed by systematics on the multijet background
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Figure 4: Post-fit mass distribution of the �� candidates in the (a) signal and (b) validation regions. The expected
background is shown after the profile-likelihood fit to data with the background-only hypothesis; the narrow-width
resonant signal at 800 GeV and the non-resonant signal at ^2+ = 3 are overlaid in the signal region, both normalised
to the corresponding observed upper limits on the cross-section. The lower panel shows the ratio of the observed data
to the estimated SM background. The distribution of events is shown per mass interval corresponding to the bin
width of 40 GeV, while the overflow events are included in the last bin.
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Figure 5: Observed and expected 95% CL upper limits on the production cross-section for resonant �� production
via VBF as a function of the mass <- . The (a) narrow- and (b) broad-width resonance hypotheses are presented.
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The expected and observed limits on SM non-resonant �� production via VBF are given in Table 2.
Limits are also calculated as a function of ^2+ , as presented in Figure 6. The observed excluded region
corresponds to ^2+ < �0.43 and ^2+ > 2.56, while the expected exclusion is ^2+ < �0.55 and ^2+ > 2.72.
For ^2+ values deviating from the SM prediction, growing non-cancellation e�ects result in a harder <��

spectrum, and thereby higher-?T 1-jets, which in turn lead to increased signal acceptance times e�ciency
as shown in Figure 2. This search is therefore not sensitive to the region close to the SM prediction,
corresponding to ^2+ = 1 .

Table 2: Upper limits at 95% CL for SM non-resonant �� production via VBF in fb (first row) and normalised to
its SM expectation, fSM

VBF (second row). Uncertainties related to the branching ratio of the � ! 11̄ decay are not
considered.

Observed �2f �1f Expected +1f +2f

fVBF [fb] 1460 510 690 950 1330 1780

fVBF/fSM
VBF 840 290 400 550 770 1030

Table 3 summarises the relative impact of the uncertainties on the best-fit signal cross-section for two
di�erent narrow-width resonance production hypotheses, with masses equal to 300 GeV and 800 GeV. Only
major sources of systematic uncertainty are quoted along with the impact of the statistical uncertainty. The
uncertainties of similar nature are grouped into unique categories and the fit is performed independently

14

Exp: -0.55 < κ2v < 2.72 
Obs: -0.43 < κ2v < 2.56 
excluded at 95% CL 
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• Search for non-resonant (ggF) HH production using 139 fb-1 of pp data 
• Contributions from HH→bbWW* (90% of the total signal yield), HH→bbττ (9%), HH→bbZZ* (1%) 
• At least 2 b-jets and exactly 2 opposite-sign leptons (e or µ) 

• Main backgrounds from Top production and Z/γ* + HF 
• A multi-class deep neural network (DNN) used to discriminate signal and the SM background 

• Trained only with the HH→bbWW* signal, due to its larger BR 
• Final discriminant defined using the DNN outputs  

• dHH = ln[pHH/(pTop + pZ-ll + pZ-ττ)], (pi=[0-1], where 1 indicates the event likely belongs to class i) 

• Perform a counting experiment with a likelihood fit simultaneously across: 
• Top and Z+HF CRs  
• The same flavour (SF) and different flavour (DF) SRs

28

HH→bblνlν: Analysis Overview
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• Dominant uncertainties from Top and Z+HF background modelling 

SR-DF regions using the predicted and observed event counts in each region as inputs. The Top and
Z/�⇤+ HF normalisation corrections are also extracted from this fit and are found to di�er negligibly from
those presented in Table 3. All sources of systematic and statistical uncertainty in the signal and background
models are implemented as deviations from the nominal model, scaled by nuisance parameters that are
profiled in the fit. The p-value corresponding to the background-only hypothesis, giving the probability
that the data in the signal regions be at least as incompatible with the background-only hypothesis as that
observed in SR-SF and SR-DF, is p0 = 0.15 and corresponds to 1.05� significance. Distributions of mbb,
m`` , and dHH after performing background-only fits to data in the control regions and applying the Top
and Z/�⇤+ HF normalisation corrections are shown in Figure 3. The signal selection criteria are imposed
on all observables shown in Figure 3 apart from the one being plotted, except that the dHH requirement for
the mbb and m`` distributions is relaxed to dHH > 5. No significant excess of events over the expected
SM background is observed and upper limits are set on non-resonant Higgs boson pair production at 95%
confidence level (CL) using the CLs method [132]. Table 5 presents these upper limits and comparisons
with the SM prediction. The observed (expected) limit at 95% CL is 1.2 (0.9) pb, corresponding to 40 (29)
times the SM prediction.
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Figure 3: Distributions of mbb (left), m`` (middle), and the discriminant dHH (right). The distributions are shown
after the fit to data in the control regions under the background-only hypothesis. Each distribution includes both the
SF and DF events and imposes signal selection requirements on all quantities except the one being plotted, but the
requirement on dHH has been relaxed to dHH > 5 for the distributions of mbb and m`` . The HH ! bb`⌫`⌫ signal
(“HH”) is overlaid and has its cross-section scaled by a factor of 20 relative to the SM prediction for visualisation
purposes. The ratio of the data to the sum of the backgrounds is shown in the lower panel of each figure. The hatched
bands indicate the combined statistical and systematic uncertainty.

Table 5: Observed and expected upper limits on the ggF-initiated non-resonant HH production cross-section at
95% CL and their ratios to the SM prediction (�SM(gg ! HH) = 31.05 ± 1.90 fb [13–20]). The ±1� and ±2�
variations about the expected limit are also shown. Uncertainties in the SM cross-section are taken into account
when computing the upper limits on the cross-section ratio.

�2� �1� Expected +1� +2� Observed
� (gg ! HH) [pb] 0.5 0.6 0.9 1.3 1.9 1.2
� (gg ! HH) /�SM (gg ! HH) 14 20 29 43 62 40
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Even better results from the individual channels 
compared to the 36 fb-1 HH combination!

ATL-PHYS-PUB-2021-031

• Search for resonant and non-resonant Higgs boson pair production in the 11̄g+g� decay channel
using 13 TeV ?? collision data from the ATLAS detector [26]: this search targets non-resonant
�� production and resonant �� production in the 251-1600 GeV mass range for a narrow
width scalar resonance, in the 11̄g+g� channel with the 139 fb�1 dataset. The non-resonant
analysis uses ggF+VBF production and <� = 125.00 GeV with a cross-section of fggF+VBF =
32.78+2.08

�7.20(ggF)±0.04(VBF) fb.

• Search for resonant pair production of Higgs bosons in the 11̄11̄ final state using ?? collisions
at

p
B = 13 TeV with the ATLAS detector [27]: this search targets resonant �� production in the

251-3000 GeV mass range for a narrow width scalar resonance, in the 11̄11̄ channel with the
139 fb�1 dataset.

3 Results

Figure 4: Upper limits at 95% confidence level (CL) on the ratio of non-resonant �� production cross-section
to the Standard Model prediction, obtained over an expected hypothesis assuming the absence of the SM ��
signal. Results are shown from the statistical combination of the 11̄g+g�, 11̄11̄, 11̄WW, ,+,�,+,�, ,+,�WW
and 11̄,+,� searches with 36 fb�1 and from the searches using 139 fb�1 in the 11̄✓+a✓�a, 11̄WW, and 11̄g+g�

channels. The 36 fb�1 combination limit is normalised to a cross-section of fggF = 33.5 fb, calculated at NLO in
UB with the heavy top quark mass approximation, then numerically with full top quark mass dependence corrected
to NNLO in UB with NNLL resummation in the heavy top quark limit for <� = 125.00 GeV. The 139 fb�1 limits
are normalised to cross-sections computed at NNLO including an approximation of finite top quark mass e�ects.
The 11̄✓+a✓�a limit is normalised to fggF = 31.05 fb and the 11̄g+g� limit is normalised to fggF+VBF = 32.78 fb,
calculated for <� = 125.00 GeV. The 11̄g+g� limit uses the most recent prescription for the top quark mass scheme
theoretical uncertainties as detailed in the text. The 11̄WW limit is normalised to fggF+VBF = 32.74 fb, calculated
with <� = 125.09 GeV.

4

Figure 5: Upper limits at 95% confidence level (CL) on the resonant �� production cross-section as a function of
the mass for a narrow-width scalar resonance. Results are shown from the statistical combination of the 11̄g+g�,
11̄11̄, 11̄WW, ,+,�,+,�, ,+,�WW and 11̄,+,� searches with 36 fb�1 and from the searches using 139 fb�1 in
the 11̄WW, resolved 11̄g+g�, boosted 11̄g+g�, and 11̄11̄ channels.
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• Prospects study for the non-resonant HH production at the HL-LHC 
• 3 ab-1 of data assumed → ~21 x full Run-2 dataset 
• Based on analysis performed with 36 fb-1 of data  

• Except bbγγ prospects are from a dedicated analysis on 14 TeV simulation

ATL-PHYS-PUB-2020-005

5 Impact on di-Higgs Analyses

As highlighted in the previous section, the 1-tagging performance is expected to be improved over the Run
2 performance with the upgraded ATLAS detector, in spite of the more challenging running conditions at
HL-LHC. This will benefit physics analyses involving final states with 1-quarks, such as the ones targeting
the production of a pair of Higgs bosons [23]. At a given light-jet rejection rate of about 300 in the central
region of the detector |[ | < 2.5, the 1-jet e�ciency with the MV2 tagger can be increased by around 2%
with respect to Run 2, resulting in an increase in acceptance by 4% for final states with two 1-quarks,
such as the �� ! 11̄WW and 11̄g+g� final states and by up to 8% for final states with four 1-quarks,
like in the �� ! 11̄11̄ final state. Those numbers are still expected to be improved in the future but
represent an evolved understanding of the upgraded detector with respect to Ref. [4]. Taking into account
the performance results presented in this note, the expected sensitivity of those analyses with 3 ab�1 has
been re-assessed and are presented in Table 3. This in particular includes a more realistic description of
the detector material, representing slightly less optimistic conditions than those considered in Ref. [23].
The analysis strategy is unchanged with respect to the one presented in Ref. [23]. In particular, an MV2
working point with a 1-jet e�ciency around 70% is used to identify 1-jets in the region |[ | < 2.5. The
sensitivity of the �� ! 11̄11̄ and 11̄g+g� analyses is extrapolated from the existing Run 2 analyses [24,
25], while the sensitivity of the �� ! 11̄WW is estimated using dedicated Phase-II simulations.

Channel Statistical-only Statistical + Systematic
�� ! 11̄11̄ 1.2 0.5
�� ! 11̄g+g� 2.3 2.0
�� ! 11̄WW 2.1 2.0

Combined 3.3 2.9

Table 3: Standard Model significance of the individual �� ! 11̄11̄, �� ! 11̄g+g� and �� ! 11̄WW channels as
well as their combination, taking into account the 1-tagging performance results presented in this note, corresponding
to the 50 ⇥ 50 `m2 pixel pitch. The analysis strategy is unchanged with respect to the one presented in [23].

19

σ σ

https://cds.cern.ch/record/2713377/files/ATL-PHYS-PUB-2020-005.pdf?version=1
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• Searches for Higgs pair production performed in multiple final states with the ATLAS detector 

• Results include: 
• Limits on σHH 

• Constraints on κλ, κ2V 

• Limits on σHH vs mX, for a spin-0 heavy resonance  
• Limits on σHH vs m(GKK), for a spin-2 graviton 

• Large improvements in sensitivity compared to the previous iterations
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HH→bbγγ: BDT Input Variables (Non-Res)
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distributions of the low mass and high mass regions are shown in Figure 6 for events passing the common
preselection. In each mass region, two categories are defined based on the BDT score. The boundaries of
the categories are chosen by maximizing the combined number counting significance [104] using signal
and background yields in the mass window 120 GeV < <WW < 130 GeV in the chosen categories. The four
resulting BDT categories are defined in Table 3.

Table 2: Variables used in the BDT for the non-resonant analysis. The 1-tag status identifies the highest fixed 1-tag
working point (60%, 70%, 77%) that the jet passes. All vectors in the event are rotated so that the leading photon q is
equal to zero.

.

Variable Definition

Photon-related kinematic variables

?T/<WW
Transverse momentum of the two photons scaled by their
invariant mass <WW

[ and q

Pseudo-rapidity and azimuthal angle of the leading and
sub-leading photon

Jet-related kinematic variables
1-tag status Highest fixed 1-tag working point that the jet passes

?T, [ and q

Transverse momentum, pseudo-rapidity and azimuthal
angle of the two jets with the highest 1-tagging score

?
11̄
T , [11̄ and q11̄

Transverse momentum, pseudo-rapidity and azimuthal
angle of 1-tagged jets system

<11̄
Invariant mass built with the two jets with the highest
1-tagging score

�T Scalar sum of the ?T of the jets in the event

Single topness For the definition, see Eq. (1)

Missing transverse momentum-related variables
⇢

miss
T and q

miss Missing transverse momentum and its azimuthal angle

Table 3: Definition of the categories used in the �� non-resonant search. Before entering the BDT-based categories,
events are required to satisfy the common preselection.

Category Selection criteria

High mass BDT tight <
⇤
11̄WW

� 350 GeV, BDT score 2 [0.967, 1]
High mass BDT loose <

⇤
11̄WW

� 350 GeV, BDT score 2 [0.857, 0.967]
Low mass BDT tight <

⇤
11̄WW

< 350 GeV, BDT score 2 [0.966, 1]
Low mass BDT loose <

⇤
11̄WW

< 350 GeV, BDT score 2 [0.881, 0.966]
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distributions of the low mass and high mass regions are shown in Figure 6 for events passing the common
preselection. In each mass region, two categories are defined based on the BDT score. The boundaries of
the categories are chosen by maximizing the combined number counting significance [104] using signal
and background yields in the mass window 120 GeV < <WW < 130 GeV in the chosen categories. The four
resulting BDT categories are defined in Table 3.

Table 2: Variables used in the BDT for the non-resonant analysis. The 1-tag status identifies the highest fixed 1-tag
working point (60%, 70%, 77%) that the jet passes. All vectors in the event are rotated so that the leading photon q is
equal to zero.
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events are required to satisfy the common preselection.
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⇤
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⇤
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Table 4: Variables used in the BDT for the resonant analysis. For variables depending on 1-tagged jets, only jets
1-tagged using the 77% working point are considered as described in Section 4.1.

Variable Definition

Photon-related kinematic variables
?
WW
T , HWW Transverse momentum and rapidity of the di-photon system

�qWW and �'WW
Azimuthal angular distance and �' between the two
photons

Jet-related kinematic variables

<11̄, ?11̄T and H11̄
Invariant mass, transverse momentum and rapidity of the
1-tagged jets system

�q11̄ and �'11̄
Azimuthal angular distance and �' between the two
1-tagged jets

#jets and #1�jets Number of jets and number of 1-tagged jets

�T Scalar sum of the ?T of the jets in the event

Photons and jets-related kinematic variables

<11̄WW
Invariant mass built with the di-photon and 1-tagged jets
system

�HWW,11̄, �qWW,11̄ and �'WW,11̄
Distance in rapidity, azimuthal angle and �' between the
di-photon and the 1-tagged jets system

(⇠1 = 0.65) is searched across all the resonances so that the selection will have common coe�cients for all
resonance mass points, but di�erent BDTtot values. For each of the mass hypotheses of the resonance, a
requirement is set on the <

⇤
11̄WW

value to select events within ±2f of the expected mean value for signal
events (where f is the standard deviation parameter of a fit of the <

⇤
11̄WW

distribution with a Crystal Ball
function). In the case of the 900 GeV and 1000 GeV mass hypotheses, the requirement is relaxed to ±4f
to increase the number of events used for the signal extraction. The BDTtot distributions are shown in
Figure 7.

4.3 Data/Predictions comparison after selection

The analysis selection described in Section 4.2 requires two tight photons and this region is mainly
composed of WW, W-jet, and di-jet events, where either one or two jets are mis-identified as photons.
The fraction of each component can be estimated using a data-driven approach [106] using the photon
identification and isolation distributions from genuine and mis-identified photons. After the common
preselection, 85±3% of sideband events consist of genuine di-photon events, with the remaining 15±4%
consisting of W-jet events and a negligible amount of di-jet events. The uncertainties on the above fractions
are calculated considering both statistics and systematic uncertainties, where the systematic uncertainty
is estimated using di�erent photon identification criteria. In the BDT-based categories, the fraction of
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Figure 6: The BDT distribution of the di-Higgs ggF signal for two di�erent values of :_ and the main backgrounds in
the (a) low and (b) high mass region. Distributions are normalized to unit area. The dotted lines denote the category
boundaries. Events with a BDT score below 0.881 in the low mass region or below 0.857 in the high mass region are
discarded.

4.2.3 Resonant selection

The resonant analysis uses a multivariate analysis based on a BDT technique. A potential limitation of
a BDT-based selection is the low background statistics for higher resonance masses. To overcome this
limitation, a single BDT is trained for all resonance masses with the signal reweighted event-by-event
to match the <

⇤
11̄WW

distribution of the background events, such that the training is independent of the
resonant signal mass hypothesis.

Using the TMVA toolkit [105], two BDTs are trained to better separate the signal from backgrounds of
di�erent nature: the WW plus the CC̄WW backgrounds (BDTWW) and the single Higgs boson background
(BDTSingle� ), where /� and CC̄� production modes are the dominant resonant backgrounds. A complete
list of the variables used for the BDT training is detailed in Table 4. The ⇢

miss
T information is also used in

the training as it is useful to reject the single Higgs boson (CC̄� in particular) and the CC̄WW backgrounds.

The combined BDT score of an event is obtained by combining the two BDT scores in quadrature, as
shown in Equation (2):

BDTtot =
1q

⇠
2
1 + ⇠

2
2

s
⇠

2
1

✓BDTWW + 1
2

◆2
+ ⇠

2
2

✓BDTSingle� + 1
2

◆2
(2)

The coe�cients ⇠1, ⇠2 (⇠2 = 1 � ⇠1) and the BDTtot take values in the range [0,1]. Only events passing a
minimum requirement on the value of the BDTtot are considered in the analysis. The values of the ⇠1 and
⇠2 as well as the BDT cut value are scanned twice in order to maximize the significance. This two-stage
optimization procedure finds first the maximum significance that can be achieved for each resonance mass
point independently, leading to di�erent coe�cients and BDTtot requirement value for each mass parameter.
A second scan is done to select all coe�cients providing a significance within 5% from the maximum
value, for each of the resonance mass value. From those possible combinations a common ⇠1 coe�cient
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where m
MMC
⌧⌧ is calculated using the four-momenta of the electron or muon, the ⌧had-vis and the pmiss

T . The
b-tagged jet pair invariant mass (mbb) is required to be less than 150 GeV to reject tt̄ background events,
and to allow for the definition of a tt̄-enriched region which is used in the estimation of tt̄ backgrounds,
as described in Section 6. A ⌧had-vis with pT > 20 GeV and |⌘ | < 2.3 is required in the SLT category,
and a ⌧had-vis with pT > 30 GeV, or higher if required by the trigger, and |⌘ | < 2.3 is required in the LTT
category. In both categories, the (sub-)leading b-tagged jet must have pT > 45 (20) GeV, in addition to any
trigger-dependent requirements.

The full event selection is summarised in Table 2. The acceptance times e�ciency for the non-resonant
ggF+VBF HH ! bb̄⌧+⌧� signal is evaluated with respect to the targeted ⌧-lepton decay modes to be 4.0%,
4.0% and 1.0%, in the ⌧had⌧had category, and the ⌧lep⌧had SLT and ⌧lep⌧had LTT categories, respectively. For
the resonant HH signal, the acceptance times e�ciency is shown in Figure 2 as a function of the resonance
mass.

Table 2: Summary of the event selections, shown separately in the di�erent trigger categories. In cases where pairs
of reconstructed objects of the same type are required, thresholds on the (sub-)leading pT object are given outside
(within) parentheses. When the selection depends on the year of data-taking, the possible values of the requirements
are separated by commas, except for the jet selection in the lepton-plus-⌧had-vis trigger and di-⌧had-vis triggers, which
use multiple selection criteria as described in Section 5.1. The trigger pT thresholds shown correspond to the o�ine
requirements.

⌧had⌧had category ⌧lep⌧had categories
STT DTT SLT LTT

e/µ selection
No loose e/µ with pT > 7 GeV Exactly one tight e or medium µ

p
e

T > 25, 27 GeV 18 GeV < p
e

T < SLT cut
p
µ
T > 21, 27 GeV 15 GeV < p

µ
T < SLT cut

|⌘e | < 2.47, not 1.37 < |⌘e | < 1.52
|⌘µ | < 2.7

⌧had-vis selection
Two loose ⌧had-vis One loose ⌧had-vis
|⌘ | < 2.5 |⌘ | < 2.3

pT > 100, 140, 180 (25) GeV pT > 40 (30) GeV pT > 20 GeV pT > 30 GeV

Jet selection
� 2 jets with |⌘ | < 2.5

pT > 45 (20) GeV Trigger dependent pT > 45 (20) GeV Trigger dependent

Event-level selection
Trigger requirements passed

Collision vertex reconstructed
m

MMC
⌧⌧ > 60 GeV

Opposite-sign electric charges of e/µ/⌧had-vis and ⌧had-vis
Exactly two b-tagged jets

mbb < 150 GeV

5.2 Multivariate signal extraction

Multivariate discriminants (MVAs) evaluated on events passing the above selections are used to extract
possible signals. Parameterised neural networks (PNNs) [130] are used in the search for resonant HH

production, and a boosted decision tree (BDT) and neural networks (NNs) are used in the ⌧had⌧had category
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B = sin(�⌧1 � �pmiss
T

)/ sin(�⌧1 � �⌧2 ), and ⌧1 and ⌧2 represent the two ⌧had-vis (electron or muon and
⌧had-vis) in the case of the ⌧had⌧had category (⌧lep⌧had categories);

• ��(`⌧, bb) is the azimuthal angle between the ` + ⌧had-vis system and the b-tagged jet pair;

• ��(`, pmiss
T ) is the azimuthal angle between the lepton and the pmiss

T ;

• ��(`⌧, pmiss
T ) is the azimuthal angle between the electron or muon and ⌧had-vis system and the pmiss

T ;

• ST is the total transverse energy in the event, summed over all jets, ⌧had-vis and leptons in the event
and E

miss
T .

The mHH , m
MMC
⌧⌧ and mbb distributions are shown in Figure 3.

Table 3: Variables used as inputs to the MVAs in the three analysis categories. The same choice of input variables is
used for the resonant and non-resonant production modes. The variables are defined in the main text.

Variable ⌧had⌧had ⌧lep⌧had SLT ⌧lep⌧had LTT

mHH 3 3 3
m

MMC
⌧⌧ 3 3 3

mbb 3 3 3
�R(⌧, ⌧) 3 3 3
�R(b, b) 3 3
�pT(`, ⌧) 3 3
Sub-leading b-tagged jet pT 3
m
W

T 3
E

miss
T 3

pmiss
T � centrality 3
��(`⌧, bb) 3
��(`, pmiss

T ) 3
��(`⌧, pmiss

T ) 3
ST 3

The (P)NNs use rectified linear unit and sigmoidal activation functions for the hidden and output layers,
respectively, binary cross entropy as the loss function, and stochastic (mini-batch) gradient descent as the
optimiser [135]. For the PNN used in the ⌧had⌧had category, 3 layers of 128 hidden nodes, followed by
1 hidden layer of 16 nodes are used. For the (P)NN used in the ⌧lep⌧had SLT category, 2 layers of 512
hidden nodes are used, and for the (P)NN used in the ⌧lep⌧had LTT category 3 layers of 512 (256) nodes are
used. The (P)NN input variables are standardised by subtracting the median value and dividing by the
interquartile range. The hyperparameters are optimised separately for each (P)NN. Nesterov momentum
and learning rate decay were used in the training of all (P)NNs, and in the ⌧lep⌧had categories they used an
L2 regularisation term in the loss function [135]. The BDT uses 1500 trees with a maximum depth of 2 and
a minimum node size of 1% of the training events. Gradient boosting is used with a shrinkage of 0.2.

5.3 Z + HF control region

The normalisation of the Z + HF background is determined from data by fitting the m`` distribution in the
Z + HF CR in the likelihood fit. This is to account for a known discrepancy in the Z + HF production
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