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The CMS Experiment performs searches for Nonresonant Higgs Pair Production in gluon fusion, 
vector boson fusion, and VHH production modes

Higgs pair production directly probes the Higgs self coupling and is sensitive to Beyond the Standard 
Model (BSM) effects such as: modified SM couplings, additional couplings in Effective Field Theory
in which searches are performed in 20 EFT benchmark scenarios [1] [2]
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Figure 1: Feynman diagrams for leading-order Higgs boson pair production via ggF produc-
tion.

where the ci stand for the combinations of couplings as in [7] and Ai(mHH, | cos q⇤|) are known
coefficients. Equation (6) is used to obtain MC samples corresponding to benchmark samples
using a reweighting method [7, 19], where the twenty benchmark scenarios considered in the
analysis are shown in Table 1 [6–8].

The kl parameter also affects the Higgs boson branching ratios and the single Higgs production
cross sections because of next-to-leading (NLO) electroweak corrections [20, 21].

4 Data sample and simulated events

The analyzed data correspond to a total integrated luminosity of 138 fb�1 and were collected
during Run 2 at the LHC from 2016 to 2018. Events are selected using double-photon triggers
with thresholds on the leading (subleading) photon transverse momentum (pT) of pg

T > 30(18)
GeV for the data collected during 2016 and pg

T > 30(22) GeV for 2017 and 2018. In addition,
loose calorimetric identification requirements [22], based on the shape of the electromagnetic
shower, the isolation of the photon candidate, and the ratio between the hadronic and electro-
magnetic energy deposit of the shower, are imposed on the photon candidates at the trigger
level.

HH signal Monte Carlo (MC) samples in the gluon fusion production mode are generated us-
ing Powheg v2 [23–26] at NLO in QCD including the full top quark mass dependence for four
different sets of (kl, kt) parameter values: (1, 1), (2.45, 1), (5, 1) and (0, 1). The combination of
these four samples is reweighted to each of nodes among the 20 EFT HH signal benchmarks, us-
ing the analytic formula derived in Reference [7, 19]. In addition, 12 EFT HH benchmark sam-
ples in a five-dimensional EFT model space are generated at LO [6] using MadGraph, where
the EFT coupling parameter values are defined in the rows labelled 1-12 of Table 1. The EFT
HH benchmark samples generated at the LO are employed in this analysis only for the training
of the machine learning techniques to separate the signal from the backgrounds because they
provide a very large signal sample.

The analysis is affected by backgrounds from single Higgs boson production with the Higgs
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where the ci stand for the combinations of couplings as in [7] and Ai(mHH, | cos q⇤|) are known
coefficients. Equation (6) is used to obtain MC samples corresponding to benchmark samples
using a reweighting method [7, 19], where the twenty benchmark scenarios considered in the
analysis are shown in Table 1 [6–8].

The kl parameter also affects the Higgs boson branching ratios and the single Higgs production
cross sections because of next-to-leading (NLO) electroweak corrections [20, 21].

4 Data sample and simulated events

The analyzed data correspond to a total integrated luminosity of 138 fb�1 and were collected
during Run 2 at the LHC from 2016 to 2018. Events are selected using double-photon triggers
with thresholds on the leading (subleading) photon transverse momentum (pT) of pg

T > 30(18)
GeV for the data collected during 2016 and pg

T > 30(22) GeV for 2017 and 2018. In addition,
loose calorimetric identification requirements [22], based on the shape of the electromagnetic
shower, the isolation of the photon candidate, and the ratio between the hadronic and electro-
magnetic energy deposit of the shower, are imposed on the photon candidates at the trigger
level.

HH signal Monte Carlo (MC) samples in the gluon fusion production mode are generated us-
ing Powheg v2 [23–26] at NLO in QCD including the full top quark mass dependence for four
different sets of (kl, kt) parameter values: (1, 1), (2.45, 1), (5, 1) and (0, 1). The combination of
these four samples is reweighted to each of nodes among the 20 EFT HH signal benchmarks, us-
ing the analytic formula derived in Reference [7, 19]. In addition, 12 EFT HH benchmark sam-
ples in a five-dimensional EFT model space are generated at LO [6] using MadGraph, where
the EFT coupling parameter values are defined in the rows labelled 1-12 of Table 1. The EFT
HH benchmark samples generated at the LO are employed in this analysis only for the training
of the machine learning techniques to separate the signal from the backgrounds because they
provide a very large signal sample.

The analysis is affected by backgrounds from single Higgs boson production with the Higgs

The triangle and box diagrams 
are generalized in terms of a 
modified trilinear Higgs λHHH, kt, 
c2, c2g, and cg couplings

BSM/HEFT SM-like

https://arxiv.org/pdf/1507.02245.pdf
https://link.springer.com/article/10.1007/JHEP03(2020)091
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• HH very rich phenomenologically, combination of 
many channels gives sensitivity to CMS Experiment’s 
Run 2 (2016-2018) searches

• Today, covering results from 6 different channels

bbττ bbγ𝛾 bbZZ bbWW WWγ𝛾 multilepton

• Showing latest CMS combined result [3] which includes

bbττ bbγ𝛾 bbZZ multilepton    bbbb

Searches for Higgs Boson Pair Production
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3Bill Balunas   |   Cambridge                                                                     28 November 2022

HH Decay Modes

Many options for decay modes.

– High BR  nal states good to 

mitigate small cross sections. But, 

they have big backgrounds.

– Complicated trade-off between 

signal rates, detector resolution 

for objects, backgrounds, ease of 

triggering…

Branching ratios of  HH -> xxyy

• For bbbb final state, see later today’s talk: Non-resonant di-Higgs searches in four b final 
state at CMS by Chuyuan Liu

[3] “A Portrait of the Higgs boson by the CMS experiment ten years after the discovery”, Nature 

https://www.nature.com/articles/s41586-022-04892-x
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bbττ

4

Observed (expected) limit on the nonresonant HH 
prediction at 95% CL

3.3 (5.2) x 𝝈𝑯𝑯𝑺𝑴

124 (154) x 𝝈𝒒𝒒𝑯𝑯𝑺𝑴
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Figure 6: Combination of bins of all postfit distributions, ordered according to the expected
signal-to-square-root-background ratio, where the signal is the SM HH signal expected in that
bin and the background is the prefit background estimate in the same bin, separately for the
background contribution split into physics processes (left), and split into the three considered
final state channels (right). The ratio also shows the signal scaled to the observed exclusion
limit (as shown in Table 2).

Table 3: Expected and observed upper limits at 95% CL for the SM point (k2V = 1), where
sSM

VBF = 1.726 fb represents the VBF only HH cross section.

Expected limit 2016 2017 2018 Combined
sVBF(pp ! qqHH)/sSM

VBF 357 392 226 154
sVBF(pp ! qqHH) [ fb ] 616 676 391 266
sVBF(pp ! qqHH ! bbtt) [ fb ] 45.0 49.3 28.5 19.4

Observed limit 2016 2017 2018 Combined
sVBF(pp ! qqHH)/sSM

VBF 283 280 241 124
sVBF(pp ! qqHH) [ fb ] 487 485 414 212
sVBF(pp ! qqHH ! bbtt) [ fb ] 35.6 35.3 30.2 15.5
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Figure 7: The expected and observed limits on the ratio of experimentally estimated ggF plus
VBF (s(pp ! HH), left) and VBF only (s(pp ! qqHH), right) HH production cross sec-
tion and the expectation from the SM (sTheory) at 95% CL, separated into different years and
combined for the full 2016–2018 data set.

Observed (expected) coupling constraints

-1.7 < 𝜿𝝀 < 8.7 (-2.9 < 𝜿𝝀 < 9.8 )

-0.4 < 𝜿𝟐𝑽 < 2.6 (-0.6 < 𝜿𝟐𝑽 < 2.8 )

Analysis Strategy

Three largest decay modes of ττ pair selected, one τ decays hadronically
and the other leptonically/ hadronically

Different DNNs used to identify b jets, categorize events, and perform
signal extraction

16

(expected) 95% CL constraint on k2V of �0.4 < k2V < 2.6 (�0.6 < k2V < 2.8) is instead
deduced from limits on the VBF only HH cross section times the bbtt branching fraction. The
corresponding scans are shown in Fig. 8.
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Figure 8: (left) Observed and expected upper limits at 95% CL as functions of kl on the ggF plus
VBF HH cross section times the bbtt branching fraction. (right) Observed and expected upper
limits at 95% CL as functions of k2V on the VBF only HH cross section times the bbtt branching
fraction. In both cases all other couplings are set to their SM expectation. The red solid line
shows the theoretical prediction for the HH production cross section and its uncertainty (red
shaded band).

The upper limits are used to set constraints on the coupling modifiers kl, kt, k2V, and kV, as
shown in Fig. 9. A point in a two-dimensional parameter space is excluded when the upper
limit on the overall rate of HH production at 95% CL is measured to be below the theoretical
cross section, evaluated at the corresponding parameter values.
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Figure 9: (left) Two-dimensional exclusion regions as a function of the kl and kt couplings
for the full 2016–2018 combination, with both k2V and kV are fixed to unity. (right) Two-
dimensional exclusion regions as a function of k2V and kV, with both kl and kt are set to unity.
Expected uncertainties on exclusion boundaries are inferred from uncertainty bands of the limit
calculation, and are denoted by dark and light-grey areas. The blue area marks parameter com-
binations that are observed to be excluded. For visual guidance, theoretical cross section values
are illustrated by thin, labeled contour lines with the SM prediction denoted by a red diamond.

15

1

10

210

310

410

510

610

710

Ev
en

ts

Data                           
Background (post-fit)      
Uncertainty (post-fit)       

(r = 3.33, 95% CL) ggF+VBFHH

Drell-Yan Single H 
          tt Others   

QCD                 

CMS 

 = 1tκ = λκ
 = 12Vκ = Vκ

 (13 TeV)-1, 138 fbττbb

6− 5− 4− 3− 2− 1−
)B(S/

10
Pre-fit expected log

0.6
0.8
1.0
1.2
1.4

Da
ta

 / 
Bk

g.

1

10

210

310

410

510

610

710

Ev
en

ts

Data                           
Background (post-fit)      
Uncertainty (post-fit)       

(r = 3.33, 95% CL) ggF+VBFHH

hτhτ

 
h
τµ

 hτe

CMS 

 = 1tκ = λκ
 = 12Vκ = Vκ

 (13 TeV)-1, 138 fbττbb

6− 5− 4− 3− 2− 1−
)B(S/

10
Pre-fit expected log

0.6
0.8
1.0
1.2
1.4

D
at

a 
/ B

kg
.

Figure 6: Combination of bins of all postfit distributions, ordered according to the expected
signal-to-square-root-background ratio, where the signal is the SM HH signal expected in that
bin and the background is the prefit background estimate in the same bin, separately for the
background contribution split into physics processes (left), and split into the three considered
final state channels (right). The ratio also shows the signal scaled to the observed exclusion
limit (as shown in Table 2).

Table 3: Expected and observed upper limits at 95% CL for the SM point (k2V = 1), where
sSM

VBF = 1.726 fb represents the VBF only HH cross section.

Expected limit 2016 2017 2018 Combined
sVBF(pp ! qqHH)/sSM

VBF 357 392 226 154
sVBF(pp ! qqHH) [ fb ] 616 676 391 266
sVBF(pp ! qqHH ! bbtt) [ fb ] 45.0 49.3 28.5 19.4

Observed limit 2016 2017 2018 Combined
sVBF(pp ! qqHH)/sSM

VBF 283 280 241 124
sVBF(pp ! qqHH) [ fb ] 487 485 414 212
sVBF(pp ! qqHH ! bbtt) [ fb ] 35.6 35.3 30.2 15.5
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Figure 7: The expected and observed limits on the ratio of experimentally estimated ggF plus
VBF (s(pp ! HH), left) and VBF only (s(pp ! qqHH), right) HH production cross sec-
tion and the expectation from the SM (sTheory) at 95% CL, separated into different years and
combined for the full 2016–2018 data set.

Results

JHEP 11 (2021) 057

https://link.springer.com/article/10.1007/JHEP11(2021)057
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Observed (expected) limit on the 
nonresonant HH prediction at 95% CL

7.7 (5.2) x 𝝈𝑯𝑯𝑺𝑴

225 (208) x 𝝈𝒒𝒒𝑯𝑯𝑺𝑴

Observed (expected) coupling constraints

-3.3 < 𝜿𝝀 < 8.5 (-2.5 < 𝜿𝝀 < 8.2 )

-1.3 < 𝜿𝟐𝑽 < 3.9 (-0.9 < 𝜿𝟐𝑽 < 3.1 )

Analysis Strategy

Parametric fit to the invariant mass of the two Higgs boson candidates
(mγ𝛾 and mbb ), a “bump hunt”

MVA techniques used to distinguish GF and VBF signal from the
background

ttH categories used to constrain 𝜿𝒕

bbγ𝛾
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Figure 9. Invariant mass distributions mγγ (left) and mjj (right) for the selected events in data
(black points) weighted by S/(S+B), where S (B) is the number of signal (background) events
extracted from the signal-plus-background fit. The solid red line shows the sum of the fitted signal
and background (HH+H+B), the solid blue line shows the background component from the single
Higgs boson and the nonresonant processes (H+B), and the dashed black line shows the nonresonant
background component (B). The normalization of each component (HH, H, B) is extracted from
the combined fit to the data in all analysis categories. The one (green) and two (yellow) standard
deviation bands include the uncertainties in the background component of the fit. The lower panel
in each plot shows the residual signal yield after the background (H+B) subtraction.
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Figure 10. Expected and observed 95% CL upper limits on the product of the HH production
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expected limit. The long-dashed red line shows the theoretical prediction.
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and background (HH+H+B), the solid blue line shows the background component from the single
Higgs boson and the nonresonant processes (H+B), and the dashed black line shows the nonresonant
background component (B). The normalization of each component (HH, H, B) is extracted from
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deviation bands include the uncertainties in the background component of the fit. The lower panel
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Figure 16. Expected and observed 95% CL upper limits on the product of the ggF HH production
cross section and B(HH → γγbb) obtained for different nonresonant benchmark models (defined
in table 1) (upper) and BSM coupling c2 (lower). In this fit, the yield of the VBF HH signal
is constrained within uncertainties to the one predicted in the SM. The green and yellow bands
represent, respectively, the one and two standard deviation extensions beyond the expected limit.
On the lower plot the long-dashed red line shows the theoretical prediction.
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Observed (expected) limit on the nonresonant HH EFT benchmark 
models prediction at 95% CL and constraint on BSM coupling 𝒄𝟐
-0.6 < 𝒄𝟐 < 1.1 (-0.4 < 𝒄𝟐 < 1.1 )

Results

JHEP 03 (2021) 257

https://link.springer.com/article/10.1007/JHEP03(2021)257
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Observed (expected) limit on the nonresonant HH prediction at 95% CL

32.4 (39.6) x 𝝈𝑯𝑯𝑺𝑴

Observed (expected) coupling constraints

-8.8 < 𝜿𝝀 < 13.4 (-9.8< 𝜿𝝀 < 15.0 )

Analysis Strategy

Search in the fully leptonic decay of ZZ

Z boson candidates chosen for 115 < mZZ < 135 GeV

BDT discriminates signal from background, such as pT of the 4 leptons,
for 4e, 2e2µ, and 4µ

bbZZ

10

8 Results
No significant excess of events is observed over the expected backgrounds. Upper limits are set
on the production cross section of HH times the branching fraction B(HH ! 4`bb), using the
modified frequentist approach (CLs), taking the profile likelihood as a test statistic [73–76] in
the asymptotic approximation. The limits are compared to the theoretical predictions assuming
SM branching fractions for the H decays.

The results are extracted with a binned maximum likelihood fit to the nine BDT distributions
in data. Shape templates for the BDT score for signal are obtained from simulated samples and
for backgrounds from both simulated samples and data, as described in Section 6. Systematic
uncertainties are treated as described in Section 7.

The observed (expected) upper limit on the signal strength modifier µ, defined as the ratio
of the HH fraction in the 4`bb final state to the SM expectation, is 32.4 (39.6) at 95% CL, as
illustrated in Fig. 4 (left).

Upper limits are also set for different hypotheses of anomalous values of the H self-coupling
kl, assuming all the other couplings [77] are equal to their SM values. The result is shown
in Fig. 4 (right), where the exclusion is compared to the theoretical prediction for the HH
cross section (red line). The analysis constrains kl to be within the observed (expected) range
�8.8 (�9.8) < kl < 13.4 (15.0) at 95% CL.

The limits set by this analysis are complementary with those obtained by more sensitive chan-
nels [11, 12], despite the lower branching fraction of the 4`bb final state.

Figure 4: Left: upper limit on the signal strength at 95% CL for each year and for their combina-
tion. Right: expected and observed 95% CL upper limits on the SM-like HH production cross
section obtained for different values of kl. The green and yellow bands represent, respectively,
the one and two standard deviation (s.d.) quantiles around the expected limit. The red curve
is the HH theoretical prediction cross section as a function of kl.

The results presented in this section are provided in a tablulated form in the HEPDATA record [78]
for this analysis.
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7

from the limitated number of events both in the CR and in the region where the misidentifica-
tion rates are computed. Uncertainties that arise from the difference in the composition of the
sample from which the misidentification rate is computed are also taken into account.

6 Multivariate analysis
A boosted decision tree (BDT) is used to further discriminate signal from backgrounds. The
BDT is implemented in the TMVA tool of the ROOT analysis package [66], and trained using
simulated events in the 4` SR; training is done using the gluon-gluon HH process as signal and
all the other processes as background.

An optimal set of input variables was chosen maximizing the area under the receiver operating
characteristic curve for each resulting discriminator. The optimized set contains ten variables,
namely: the pT of each of the 4`, the DR between the reconstructed H ! ZZ⇤

! 4` and
H ! bb systems, the two b-tagging scores, the pT of each of the two jets with the highest value
of b-tagging score and their invariant mass.

The BDT is trained separately for each data-taking year and for each of the leptonic final states
(4µ, 4e, and 2e2µ), for a total of nine independent discriminators. Detailed studies were per-
formed on the discrimination ranking, variable correlations, and possible discriminator over-
training. Figure 3 shows the inclusive BDT discriminator distribution for simulated signal,
estimated background components, and data: different data-taking years and leptonic final
states are combined together (4µ, 4e, and 2e2µ). Signal and backgrounds normalisation results
from the fit procedure described in Section 8. The binning of the BDT output distribution is
chosen in order to have (almost) the same statistical uncertainties in the last 4–5 bins.

The output of the BDT is used in a statistical analysis as the input variable of a maximum
likelihood fit to set constraints on both the signal strength and the kl coupling modifier.
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Figure 3: Inclusive BDT distributions for simulated signal, estimated background components,
and data for the combination of the three different final states (4µ, 4e, and 2e2µ) and data-
taking years. In the ratio plot, the grey dashed shades represent the relative statistical uncer-
tainty on the total estimated background.Results
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Observed (expected) limit 
on the nonresonant HH 
prediction at 95% CL

14 (18) x 𝝈𝑯𝑯𝑺𝑴

277 (301) x 𝝈𝒒𝒒𝑯𝑯𝑺𝑴

Observed (expected) coupling constraints

-7.2 < 𝜿𝝀 < 13.8 (-8.7 < 𝜿𝝀 < 15.2 )

-1.1 < 𝜿𝟐𝑽 < 3.2 (-1.4 < 𝜿𝟐𝑽 < 3.5 )

Analysis Strategy

Categorized into Single Lepton and Dilepton channels

Fit performed on distribution of DNN score of signal and background

DNN and topology of H->bb candidate used to separate SL and DL
categories into subcategories

bbWW

Results

8. Systematic uncertainties 13

Figure 6: The distributions of the DNN discriminants of the nonresonant search, for each event
category for the dilepton channel, after performing a maximum likelihood fit on the data on the
same distributions. The DNN discriminant for the HH(GGF) category is shown on the top left,
HH(VBF) top right, Top + Other bottom left and DY + Multi-boson on the bottom right. The
event categories are summarised in table 2. The signal shown is scaled to the extected upper
limit on cross section.

categories. These weights are then applied to the 0-b tag region to estimate the DY in the 1 and383

2 b-tag regions. The events in the 0 b-tag region are divided randomly into two orthogonal384

sets of events to estimate the 1 b-tag and 2 b-tag distributions, respectively, in order to avoid385

bias from using the same events twice. The same process is applied for the boosted topology.386

The weights are found to be independent of the lepton flavour. Therefore we calculated the387

weights in ee and µµ events simultaneously and then applied them to the ee, µµ and eµ events.388

When extracting the shape of the distribution in the 0 b-tag region, the contribution from other389

background sources is estimated using simulated events.390

8 Systematic uncertainties391

The systematic uncertainties are introduced as nuisance parameters in the maximum likelihood392

fit used to extract the exclusion limits.393

A number of systematic uncertainties are considered, affecting the yield or the shapes of the394

HH signal and the background processes. Theoretical uncertainties on the QCD scale, as and395

PDF shape affecting the cross section of all the simulated processes are included. Theoretical396

uncertainties on the non-resonant HH cross section via gluon fusion are applied as as a function397

of kl and include a ±3.0% (PDF+as) and a combination of renormalization and factorization398

scale uncertainties, including the scale of the top-quark [65]. The uncertainties for the VBF399

16

tests to ensure that they cover the observed amount of non-closure. For the misidentified-438

lepton background estimation they are shape uncertainties in the SL channel and normalisation439

uncertainties in the DL channel. The DY estimation closure uncertainty, applicable only to the440

DL channel, is a shape for all background categories and normalisation only for the HH signal441

categories.442

9 Results443

For each signal model considered, a profile-likelihood fit [69–71] is applied to the distributions444

of the DNN discriminators for each event category (Figs. 5,6,7,8) simultaneously. For the SM-445

like search the fit includes 19 categories, while 13 categories are used for the resonant search446

and the anomalous coupling interpretation. The categories dominated by background events447

allow for better constraints on the main background processes. There are three background-448

dominated categories for the single-lepton channel and three for the dilepton channel. All449

sources of systematic and statistical uncertainty in the signal and background models are im-450

plemented as deviations from the nominal model, scaled by nuisance parameters that are pro-451

filed in the fit. No significant excess over the expected background is observed. Upper limits452

are set on nonresonant and resonant Higgs boson pair production at 95% CL using the modified453

frequentist method CLs.454

The observed (expected) upper limit on the total pp ! HH cross section is 14 (18) times the455

value expected by the SM (Fig. 9). In the figure, the contribution from individual channels is456

also shown. The observed (expected) limit on the HH production via VBF production is 277457

(301) and is shown in Fig. 10.458
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                      95% expected   
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 = 12Vκ = Vκ
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Figure 9: Observed and expected 95% CL upper limits on the SM HH production cross section,
obtained for both channels and from their simultaneous fit.

Figures 11 and 12 show the limits on the total and the VBF production cross section as a function459

of kl and k2V respectively. The kl is constrained between [-7.2,13.8] (expected [-8.7,15.2]). The460

k2V is constrained between [-1.1,3.2] (expected [-1.4,3.5]). This result has similar sensitivity to461

the ggbb channel [-1.3, 3.5] (expected [-0.9,3.0]) [72].462

The exclusion contours on the kl and k2V, kV and k2V, kt and kl are shown in Figs. 13, 14, and463
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Figure 10: Observed and expected 95% CL upper limits on the SM production via VBF cross
section, obtained for both channels and from their simultaneous fit.

15 respectively.464

As explained in Section 3.1 we can study anomalous HH couplings as well as couplings that465

are not predicted in the SM. The set of couplings studied is kl, kt , c2, cg and c2g (Figs. 1,2), they466

are based on Higgs Effective Field Theory (HEFT) parametrisation. Two sets of benchmarks467

“JHEP04” [73] and “JHEP03” [74] have been proposed, which are namely combinations of (kl,468

kt , c2, cg, c2g). The results are interpreted as limits on the ggF production cross-section for each469

of the benchmarks considered, shown in Fig. 16. In addition a limit scan for the c2 coupling is470

shown in Fig. 17. The c2 coupling is constrained between [-0.8,1.3] (expected [-1.0,1.4]).471

The results of the resonant search are extracted in a similar way to the nonresonant search. The472

limits are presented as a function of the hypothesis for the mass on the heavy resonance, in473

the range between 250 to 900 GeV. Figure 18 shows the limits for the two signal hypothesis,474

spin 0 and spin 2. Theoretical predictions for the spin-0 radion and the spin-2 graviton are475

shown against the respective exclusion limits. The parameters LR and k̃ = k/Mpl correspond476

to the energy scale and coupling factor of the so-called ”bulk” benchmark of the Warped Extra477

Dimensions scenarios [75, 76]. The values of these parameters have been chosen based on478

the current constraints from other measurements. While these are representative models for479

this type of search, the search is performed in a model-independent way, only depending on480

resonance mass, width, and spin.481
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Figure 15: Observed and expected 95% CL upper limits on the HH production cross section as
a function of the effective couplings kl and kt . All other Higgs boson couplings are assumed to
have the values predicted in the SM.
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the sum of the H and continuum background DNN scores must be small. As there is no need
to separate the single Higgs and continuum background processes from each other, only the
output HH class DNN score is used in the analysis for categorization.

The leading importance input features of the network are the leading and subleading photon
pT taken as a ratio to the invariant diphoton mass, the energy of the lepton, and the pT of the
subleading jet.

As for the FH channel, we removed events having a DNN score less than 0.1; hence these events
are not used further in the analysis, i.e. neither for the categorization nor for the analytic fitting.
This is done because this region contains a large portion of background, and a very low portion
of signal, and therefore has a negligible impact on the sensitivity of the analysis. Additionally,
this region is not used as a control region to reduce the uncertainty of MC in the signal region.

A comparison of data and MC for the HH DNN score, including the full Run 2 dataset, is
shown in Figure 3, where dashed lines are drawn on to indicate the DNN score boundaries
used for categorization.

γγ→H +jetγ

(s)+jetsγW (s)+jetsγtt

+jetsγγ Signal * 10000
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Figure 3: Data/MC comparison of the SL DNN score in diphoton mass region 100 < mgg < 180
GeV. Simulated background events are only used for the classifier training and not for the final
signal extraction. MC statistical uncertainty is shown as grey shaded band, and data statistical
uncertainty is shown as bar on the ratio points.

After computing the DNN output score for each data and simulation event, events are placed
into categories based on DNN score in order to maximize the sensitivity of the DNN catego-
rization. Four categories are defined, with the corresponding DNN score boundaries: [0.1, 0.63,
0.84, 0.89, 1.0].
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Observed (expected) limit on 
the nonresonant HH prediction 
at 95% CL

97 (53) x 𝝈𝑯𝑯𝑺𝑴

Observed (expected) coupling 
constraints

-25.8 < 𝜿𝝀 < 24.1 (-14.4 < 𝜿𝝀 < 18.3)

Analysis Strategy

Categories defined by 1) multiclassifier DNN in Single Lepton final state, 2)
combination of two binary DNNs in the Fully Hadronic final state, 3) cut based
selections in the Fully Leptonic final state

Parametric fit to the invariant diphoton mass, 100 < mγ𝛾 < 180 GeV

Observed (expected) limit on the nonresonant HH EFT benchmark 
models prediction at 95% CL and constraint on BSM coupling 𝒄𝟐
-2.4 < 𝒄𝟐 < 2.9 (-1.7 < 𝒄𝟐 < 2.2 )

Results

WWγ𝛾

9. Results 19

The per-channel results are shown in Figure 11a, where the order of observed and expected
sensitivities among the channels is the same as for the SM and kl results.

Finally, the observed (expected) upper limits on the production cross section of the 20 EFT
benchmark scenarios defined in Table 1 are shown in Figure 12, and range from 1.7 - 6.2 (1.0 -
3.9) pb.
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Figure 9: Run 2 95% CL limits on HH gluon fusion production with respect to sNLO
SM = 31.05 fb
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(a) Per channel, for the SL, FH, and FL channels.
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(b) Combined result considering all three channels.

Figure 10: 95% CL upper limit scan of kl hypotheses from -30 to 30, shown for each WWgg
channel, and for the combined result.
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(a) Per channel result, for the SL, FH, and FL chan-
nels.
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(b) Combined result considering all three channels.

Figure 11: 95% CL upper limit scan of c2 hypotheses from -3 to 3, shown for each WWgg
channel, and for the combined result.
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Figure 12: Run 2 95% CL limits on HH gluon fusion production for different nonresonant
benchmark models defined in Table 1.
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Observed (expected) limit on the 
nonresonant HH prediction at 95% CL

21.3 (19.4) x 𝝈𝑯𝑯𝑺𝑴

Observed (expected) constraints

-6.9 < 𝜿𝝀 < 11.1 (-6.9 < 𝜿𝝀 < 11.7 )

Analysis Strategy

Search in 7 channels, analyzed events with two, three, or four leptons including electrons, muons, and
hadronically decaying taus

Observed (expected) limit on the nonresonant HH EFT 
benchmark models prediction at 95% CL and constraint on 
BSM coupling 𝒄𝟐
-1.05 < 𝒄𝟐 < 1.48 (-0.96 < 𝒄𝟐 < 1.37 )

multilepton
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Figure 9: Observed and expected 95% CL upper limits on the SM HH production cross sec-
tion, obtained for both individual search categories and from a simultaneous fit of all seven
categories combined.
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Figure 10: Observed and expected 95% CL upper limits on the HH production cross section as
a function of the H boson self-coupling strength modifier kl. All H boson couplings other than
l are assumed to have the values predicted in the SM. The left plot shows the result obtained
by combining all seven search categories, while the right plot shows the limits obtained for
each category separately. The red curve in the left plot represents the SM prediction for the HH
production cross section as a function of kl, and the red shaded band the theoretical uncertainty
in this prediction.

Figure 13 shows the observed and expected limits on the resonant HH production cross section
as a function of mX for a spin-0 or spin-2 particle X decaying to HH. The mass points probed are
listed in the fourth paragraph of Section 3. The limits are expected to become more stringent
as mX increases, as the acceptance for the HH signal increases and the signal can be more
easily distinguished from backgrounds. The observed (expected) 95% CL upper limits on the
resonant HH production cross section range from 0.18 to 0.90 (0.08 to 1.06) pb, depending on
the mass and spin. Compared to existing combinations of CMS and ATLAS results [50, 51], this
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Figure 11: Observed and expected 95% CL upper limits on the HH production cross section
for the twelve benchmark scenarios from Ref. [24], the additional benchmark scenario 8a from
Ref. [59], the seven benchmark scenarios from Ref. [58], and for the SM. The upper plot shows
the result obtained by combining all seven search categories, while the lower plot shows the
limits obtained for each category separately, and the combined limit.
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uncertainties using the dataset: at the time of discovery (July 2012) 2,3; 
for the full Run !1 (end of 2012)35; for results presented in this paper; and 
expected to be accumulated by the end of the HL-LHC running 69, cor-
responding to = 3, 000 fb" 1L . The statistical uncertainties have been 
scaled by 1/ L , the experimental systematic ones by L1/  where pos-
sible, or fixed at values suggested in ref. 69, whereas the theoretical 
uncertainties have been halved.

A sizeable improvement is expected after HL-LHC operation. The 
H!#!µµ measurements were not available for the first two datasets owing 
to the lack of sensitivity. The evolution of several signal-strength meas -
urements µ are shown in Extended Data Fig.$7.

If new particles exist with masses smaller than mH, other decay chan-
nels may be open. Examples of such decays could be into new neutral 
long-lived particles or into dark-matter particles, neither leaving a 
trace in the CMS detector. We refer to these as ÔinvisibleÕ Higgs boson 
decays, which could be inferred from the presence of large pT

mi ss in the 
direction of the Higgs boson momentum. The events are selected based 
on other particles accompanying the Higgs boson. Dedicated searches 
for such decays70Ð72 yielded < 0.16Inv.B  at 95%$CL, where Inv.B  is the 
branching fraction to invisible decays.

Results from the search for Higgs boson pair 
production
The cross-section for Higgs boson pair production in the SM is 
extremely small, thus escaping detection at the LHC so far. The results of 
the search are therefore expressed as an upper limit on the production 
cross-section. Figure $5 (left) shows the expected and observed limits 
on Higgs boson pair production, expressed as ratios with respect to the 
SM expectation, in searches using the different final states and their 
combination. With the current dataset, and combining data from all 
currently studied modes and channels, the Higgs boson pair produc -
tion cross-section is found to be less than 3.4 times the SM expecta -
tion at 95%$CL. Figure$5 (right) shows the evolution of the limits from 
the three most sensitive modes and the overall combination for: the 
first comprehensive set of measurements using early LHC Run !2 data 
(35.9!fb " 1)73, the present measurements using the full LHC Run !2 data 
(138!fb " 1) and the projections for the HL-LHC (3,000 !fb " 1)69. The HL-LHC 

projections are also expressed as limits, assuming that there is no Higgs 
boson pair production. The fact that the combined limit is expected to 
be below unity shows that the sensitivity is sufficient to establish the 
existence of the SM HH production.

Figure$6 presents the expected and observed experimental limits 
on the HH production cross-section as functions of the Higgs boson 
self-interaction coupling modifier ! % and the quartic VVHH coupling 
modifier ! 2V. Cross-section values above the solid black lines are 
experimentally excluded at 95% $CL. The red lines show the predicted 
cross-sections as functions of ! % or ! 2V, which exhibit a characteristic 
dip in the vicinity of the SM values ( ! !=!1) owing to the destructive inter -
ference of the contributing production amplitudes, as highlighted in 
ÔHiggs boson pair productionÕ. The experimental limits on the Higgs 
boson pair production cross-section (black lines) also show a strong 
dependence on the assumed values of ! . This is because the interfer-
ence between different subprocesses, besides changing the expected 
cross-sections, also changes the differential kinematic properties of 
the two Higgs bosons, which in turn affects strongly the efficiency for 
detecting signal events. With the current dataset, we can ascertain at 
the 95% CL that the Higgs boson self-interaction coupling modifier ! % 
is in the range of " 1.24 to 6.49, whereas the quartic ! 2V coupling modi -
fier is in the range of 0.67 to 1.38. Figure$6 (right) shows that ! 2V!=!0 is 
excluded, with a significance of 6.6 !s.d., establishing the existence of 
the quartic coupling VVHH depicted in Fig. $1n.

Current knowledge and future prospects
The discovery of the Higgs boson in 2012 completed the particle con -
tent of the SM of elementary particle physics, a theory that explains 
visible matter and its interactions in exquisite detail. The completion 
of the SM spanned 60!years of theoretical and experimental work. In 
the ten years following the discovery, great progress has been made 
in painting a clearer portrait of the Higgs boson.

In this paper, the CMS Collaboration reports the most up-to-date 
combination of results on the properties of the Higgs boson, based on 
data corresponding to an L of up to 138!fb " 1, recorded at 13!TeV. Many 
of its properties have been determined with accuracies better than 
10%. All measurements made so far are found to be consistent with the 
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• At CMS, searches for Higgs Pair Production using Run 2 (2016-2018) data set a combined 

limit for nonresonant production at 3.4 (2.5) x 𝝈𝑯𝑯𝑺𝑴 and -1.24 < 𝜿𝝀 < 6.49

• These physics searches also covered coupling modifiers and EFT benchmark scenarios

• 𝜿𝟐𝑽 = 0 excluded at 6.6 𝜎 with the combined channels

• Resonant searches also performed (not covered today)

• HL-LHC will provide a window into the Higgs mechanism and Higgs potential via Higgs Pair
Production as we approach SM HH sensitivity
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where !  is the production cross-section and B is the branching fraction. 
Perfect agreement with SM expectations would yield all µ equal to one.

A first test of compatibility is performed by fitting all data from pro -
duction modes and decay channels with a common signal-strength 
parameter, µ. At the time of discovery, the common µ was found 
to be 0.87!±!0.23. The new combination of all the Run !2 data yields 
µ!=!1.002!±!0.057, in excellent agreement with the SM expectation. 
The uncertainties in the new measurement correspond to an improve -
ment by a factor of 4.5 in precision compared with what was achieved 
at the time of discovery. At present, the theoretical uncertainties in the 
signal prediction, and the experimental statistical and the systematic 
uncertainties separately contribute at a similar level, and they are 0.036, 
0.029 and 0.033, respectively.

Relaxing the assumption of a common signal-strength parameter, 
and introducing different µi and µf, our measurements are shown in 
Fig."2. The production modes ggH, VBF, WH, ZH and ttH are all observed 
with a significance of 5 !s.d. or larger.

The !  framework for coupling modifiers
BSM physics is expected to affect the production modes and decay 
channels in a correlated way if they are governed by similar interac -
tions. Any modification in the interaction between the Higgs boson 
and, for example, the W bosons and top quarks would affect not only 
the H!#!WW (Fig."1g) or H!#!$$ (Fig."1i,j) decay rates but also the pro-
duction cross-section for the ggH (Fig. "1a), WH (Fig."1c) and VBF (Fig."1b) 
modes. To probe such deviations from the predictions of the SM, the 
"  framework 38 is used. The quantities, such as ! i, #

f and #H, computed 
from the corresponding SM predictions, are scaled by " i

2, as indicated 
by the vertex labels in Fig."1. As an example, for the decay H!#!$$ pro-
ceeding via the loop processes of Fig. "1i,j, the branching fraction is 
proportional to " $

2 or " "(1.26 %0.26 )W t
2. In the SM, all "  values are equal 

to one.

A first such fit to Higgs boson couplings introduces two parameters, 
" V and " f, scaling the Higgs boson couplings to massive gauge bosons 
and to fermions, respectively. With the limited dataset available at the 
time of discovery, such a fit provided first indications for the existence 
of both kinds of coupling. The sensitivity with the present data is much 
improved, and both coupling modifiers are measured to be in agree -
ment, within an uncertainty of 10%, with the predictions from the SM, 
as shown in Fig."3 (left).

A second fit is performed to extract the coupling modifiers "  for the 
heavy gauge bosons (" W and " Z) and the fermions probed in the present 
analyses (" t, " b, " & and " µ). Predictions for processes that in the SM occur 
via loops of intermediate virtual particles, for example, Higgs boson 
production via ggH, or Higgs boson decay to a pair of gluons, photons 
or Z$, are computed in terms of the " i above. The result is shown in 
Fig."3 (right), as a function of the mass of the probed particles. The 
remarkable agreement with the predictions of the BEH mechanism 
over three orders of magnitude of mass is a powerful test of the valid -
ity of the underlying physics. Statistical and systematic uncertainties 
contribute at the same level to all measurements, except for " µ, which 
still is dominated by the statistical uncertainty.

In extensions of the SM with new particles, the loop-induced pro -
cesses may receive additional contributions. A more general fit for 
deviations in the Higgs boson couplings can then be defined by intro -
ducing additional modifiers for the effective coupling of the Higgs 
boson to gluons ( " g), photons ( " $) and Z$ (" Z$). The results for this fit 
are shown in Fig."4 (left). Coupling modifiers are probed at a level of 
uncertainty of 10%, except for " b and " µ (about 20%) and " Z$ (about 
40%), and all measured values are compatible with the SM expectations, 
to within 1.5!s.d. These measurements correspond to an increase in 
precision by a factor of about five compared with what was possible 
with the discovery dataset. Figure "4 (right) and Extended Data Fig. "8 
(left) illustrate the evolution of several "  measurements and their 
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Fig. 5 | Limits on the production of Higgs boson pairs and their time 
evolution.  Left: the expected and observed limits on the ratio of experimentally 
estimated production cross-section and the expectation from the SM ( ! Theory ) in 
searches using different final states and their combination. The search modes 
are ordered, from upper to lower, by their expected sensitivities from the least 

to the most sensitive. The overall combination of all searches is shown by the 
lowest entry. Right: expected and observed limits on HH production in 
different datasets: early LHC Run !2 data (35.9!fb %1), present results using full 
LHC Run!2 data (138!fb %1) and projections for the HL-LHC (3,000 !fb %1).

HL-LHC projections for HH:
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EFT Benchmark Scenarios
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M!! for 19 gluon fusion EFT benchmarks [5], [6], [7]
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