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Non-resonant HH production
Unique probe of the B.E.H. mechanism
• provides access to the measurement of the Higgs self-coupling λλλ

• brings information on the shape of the Higgs potential
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∼ 36 fb *

Gluon Fusion (ggF) dominant production mode
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Figure 1. Tree-level Feynman diagrams contributing to Higgs pair production via VBF. In terms

of Eq. (2.2), the left, middle, and right diagrams scale with c2V , c2
V , and cV c3, respectively.

2.1 General parametrization of Higgs couplings

Following Ref. [4], we introduce a general parametrization of the couplings of a light Higgs-

like scalar h to the SM vector bosons and fermions. At energies much lower than the mass

scale of any new resonance, the theory is described by an e↵ective Lagrangian obtained by

making a derivative expansion. Under the request of custodial symmetry, the three NGBs

associated with electroweak symmetry breaking parametrize the coset SO(4)/SO(3) and

can be fitted into a 2 ⇥ 2 matrix

⌃ = ei�a⇡a/v , (2.1)

with v = 246GeV the Higgs vacuum expectation value. Assuming that the couplings of the

Higgs boson to SM fermions scale with their masses and do not violate flavor, the resulting

e↵ective Lagrangian in [4] can be parametrized as
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where V (h) denotes the Higgs potential,
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The parameters cV , c2V , c , c3, and c4 are in general arbitrary coe�cients, normalized so

that they equal 1 in the SM. The Higgs mass is fixed to be mh = 125 GeV [69].

As the notation in Eq. (2.2) indicates, the coe�cients cV , c2V , and c3 control the

strength of the hV V , hhV V and hhh couplings, respectively. The coe�cients c and

c4 instead a↵ect the couplings to fermions and the Higgs quartic self-interaction and are

thus not relevant for double Higgs production. In Fig. 1, we show the tree-level Feynman

diagrams, in the unitary gauge, that contribute to Higgs pair production in the vector-boson

fusion channel at hadron colliders. In terms of the general parametrization of Eq. (2.2),

the left, middle, and right diagrams scale with c2V , c2
V , and cV c3, respectively.
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λHHH

λHHHλV

λV

λ2V

λV

• Process predicted by the SM
• BSM effects can result in anomalous couplings:

λλλ, yt + 3 contact interactions (EFT approach)
Small variation

of the couplings from the prediction

Large modification
of the cross section

e.g. δkλ = 1→ σBSMggF /σSMggF ∼ 20

*State-of-the-art NNLO prediction of ggF cross section at 13 TeV: 31.05+2.2%
−5.0%

fb JHEP 05 (2018) 059
In the 2016 analyses, σggF (13TeV) = 33.49+4.3%

−6.0%
fb is used 10.23731/CYRM-2017-002

C. Amendola (LLR) Higgs Hunting July 30, 2019 2 / 15

https://link.springer.com/article/10.1007%2FJHEP05%282018%29059
https://arxiv.org/abs/1610.07922


Resonant HH production

Look for a new narrow resonance X with mass mX > 2mH

t
H

g

g

H

H

XX

• Not predicted in the SM, but in several extensions
• Different theoretical scenarios, but similar signature
• CP-even spin-0 or spin-2 particles predicted
• Need to cover a wide mass range:

MSSM/2HDM 250 to 350 GeV Phys. Rep. 516 (2012) 1
Singlet Model 250 GeV to 1 TeV J. Z Phys C 75 (1997) 17
Warped Extra Dimensions 250 GeV to 3 TeV Phys. Rev. Lett. 83, 3370
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https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1007/s002880050442
https://doi.org/10.1103/PhysRevLett.83.3370


Final states
Rich set of final states accessible at the LHC

2016 (35.9 fb−1) CMS public analyses:

bbbb
largest BR, large QCD
and tt contamination
(non-res) JHEP04 (2019) 112 NEW!

JHEP01 (2019) 040 NEW!

(res) JHEP08 (2018) 152 NEW!

PLB 781 (2018) 244

bbVV
large tt contamination,
BR(2`2ν) = 2.7%
JHEP 01 (2018) 054
bbZZ(2`2j) CMS PAS HIG-18-013 NEW!

            Roberto Salerno (LLR) - CMS-HH workshop - Université catholique de Louvain - 8/12/201641

Which final state?

13

           Luca Cadamuro (LLR)                                25/11/2016       HH review for ATLAS and CMS
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γγ

ZZ

ττ

gg

WW

bb
鏃 hh production and decays are 

decoupled effects 
□ assume SM BRs in the analyses  

鏃 Require one h→bb or h→WW 
decay to keep BR sufficiently 
high 

鏃 Tradeoff between BR and 
background contamination in the 
choice of final state 
□ various channels are 

complementary 
□ different sensitivities in different 

mass ranges

4

BR hh→xxyy 
(mh = 125 GeV)

rarer
rarer

33.6%

0.26%

24.8%

7.3%

0.1%

How looking for HH?

bbbb 
large branching ratio,  
large QCD and tt bkg 

bbWW  
large branching ratio,  
large tt contamination

bbττ 
tradeoff between purity  
and branching ratio 

bbγγ 
high purity,  
low branching ratio 

Tradeoff between BR and background contamination! 
➡ various channels are complementary  
➡ different sensitivities in different mass ranges

bbττ
good compromise
between BR and
purity
PLB 778 (2018) 101
JHEP 1901 (2019) 051 NEW!

bbγγ

low branching ratio,
high purity
PLB 788 (2019) 7 NEW!

• Trade-off between BR and purity
• coverage of different phase spaces
• different sensitivity in different mass

ranges

Combination of the 2016 analyses
Phys. Rev. Lett. 122, 121803 NEW!
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NEW! = new paper since HiggsHunting2018

https://doi.org/10.1007/JHEP04(2019)112
https://doi.org/10.1007/JHEP01(2019)040
https://doi.org/10.1007/JHEP08(2018)152
https://www.sciencedirect.com/science/article/pii/S0370269318302806
https://link.springer.com/article/10.1007/JHEP01(2018)054
http://cds.cern.ch/record/2682621/files/HIG-18-013-pas.pdf
https://www.sciencedirect.com/science/article/pii/S037026931830008X
http://dx.doi.org/10.1007/JHEP01(2019)051
https://www.sciencedirect.com/science/article/pii/S037026931830827X
https://doi.org/10.1103/PhysRevLett.122.121803


HH→bbbb (non-resonant)
Two searches performed:
• 4 resolved b-tagged jets (best sensitivity to SM), results shown here
• one bb pair highly boosted (sensitive to specific BSM topologies)

Main challenge: QCD background contamination

b-tag is crucial, used from trigger level (3 bjets)
BDT technique optimised for SM HH signal
Dedicated data-driven method for QCD
estimation: hemisphere mixing
Signal extraction from BDT output

Hemisphere library
filled in 1st pass, queried on 2nd

transverse 
thrust axis

b-tag jets non b-tag jets

x

y

x

y

Original Event
break in two hemispheres

transverse 
thrust axis

Mixed Event
using replaced hemispheres

Artificial event type (k, l) – original hemispheres replaced by their k th and l th
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Figure 7. Results of the fit to the BDT distribution for the SM HH production signal. In the
bottom panel a comparison is shown between the best fit signal and best fit background subtracted
from measured data. The band, centred at zero, shows the total uncertainty.

compatibility. As a result, the 64 bins with BDT >0.2 are used to extract the limits.

The fit to the SM signal is shown in figure 7 and the postfit distributions of reconstructed

Higgs boson masses are shown in figure 8. Minor background contamination arising from

ttH, ZH, bbH, and single Higgs boson production processes do not show a signal-like BDT

distribution and their effect is found to be negligible in the selected data at our level

of sensitivity.

The observed and expected 95% confidence level (CL) upper limits on the cross sec-

tion for pp → HH → bbbb nonresonant production, are computed using the asymptotic

approximation [65] of the CLs criterion [66–68], using a test statistic based on the profile

likelihood ratio (the LHC test statistic) [65]. The systematic uncertainties are treated as

nuisance parameters and are profiled in the minimization. The limits are shown in table 5

together with the 1 s.d. and 2 s.d. CL intervals around the expected limits. For the SM

process, the expected limit is 419 fb, which corresponds to ≈37 times the SM HH produc-

tion cross section times the square of the branching fraction for the H → bb decay. The

observed upper limit obtained is 847 fb, which is ≈2 s.d. above the expected upper limit.

This corresponds to an observed limit of 2496 fb for σ(pp → HH)SM.

– 19 –

J
H
E
P
0
4
(
2
0
1
9
)
1
1
2

E
ve

n
ts

Figure 7. Results of the fit to the BDT distribution for the SM HH production signal. In the
bottom panel a comparison is shown between the best fit signal and best fit background subtracted
from measured data. The band, centred at zero, shows the total uncertainty.

compatibility. As a result, the 64 bins with BDT >0.2 are used to extract the limits.

The fit to the SM signal is shown in figure 7 and the postfit distributions of reconstructed

Higgs boson masses are shown in figure 8. Minor background contamination arising from

ttH, ZH, bbH, and single Higgs boson production processes do not show a signal-like BDT

distribution and their effect is found to be negligible in the selected data at our level

of sensitivity.

The observed and expected 95% confidence level (CL) upper limits on the cross sec-

tion for pp → HH → bbbb nonresonant production, are computed using the asymptotic

approximation [65] of the CLs criterion [66–68], using a test statistic based on the profile

likelihood ratio (the LHC test statistic) [65]. The systematic uncertainties are treated as

nuisance parameters and are profiled in the minimization. The limits are shown in table 5

together with the 1 s.d. and 2 s.d. CL intervals around the expected limits. For the SM

process, the expected limit is 419 fb, which corresponds to ≈37 times the SM HH produc-

tion cross section times the square of the branching fraction for the H → bb decay. The

observed upper limit obtained is 847 fb, which is ≈2 s.d. above the expected upper limit.

This corresponds to an observed limit of 2496 fb for σ(pp → HH)SM.

– 19 –

J
H
E
P
0
4
(
2
0
1
9
)
1
1
2

N
o

rm
a

liz
e

d
 r

e
si

d
u

a
ls

−

Figure 7. Results of the fit to the BDT distribution for the SM HH production signal. In the
bottom panel a comparison is shown between the best fit signal and best fit background subtracted
from measured data. The band, centred at zero, shows the total uncertainty.

compatibility. As a result, the 64 bins with BDT >0.2 are used to extract the limits.

The fit to the SM signal is shown in figure 7 and the postfit distributions of reconstructed

Higgs boson masses are shown in figure 8. Minor background contamination arising from

ttH, ZH, bbH, and single Higgs boson production processes do not show a signal-like BDT

distribution and their effect is found to be negligible in the selected data at our level

of sensitivity.

The observed and expected 95% confidence level (CL) upper limits on the cross sec-

tion for pp → HH → bbbb nonresonant production, are computed using the asymptotic

approximation [65] of the CLs criterion [66–68], using a test statistic based on the profile

likelihood ratio (the LHC test statistic) [65]. The systematic uncertainties are treated as

nuisance parameters and are profiled in the minimization. The limits are shown in table 5

together with the 1 s.d. and 2 s.d. CL intervals around the expected limits. For the SM

process, the expected limit is 419 fb, which corresponds to ≈37 times the SM HH produc-

tion cross section times the square of the branching fraction for the H → bb decay. The

observed upper limit obtained is 847 fb, which is ≈2 s.d. above the expected upper limit.

This corresponds to an observed limit of 2496 fb for σ(pp → HH)SM.

– 19 –

J
H
E
P
0
4
(
2
0
1
9
)
1
1
2

Data

 SMbbb b→HH 

Mixed data

Total unc.

Figure 7. Results of the fit to the BDT distribution for the SM HH production signal. In the
bottom panel a comparison is shown between the best fit signal and best fit background subtracted
from measured data. The band, centred at zero, shows the total uncertainty.

compatibility. As a result, the 64 bins with BDT >0.2 are used to extract the limits.

The fit to the SM signal is shown in figure 7 and the postfit distributions of reconstructed

Higgs boson masses are shown in figure 8. Minor background contamination arising from

ttH, ZH, bbH, and single Higgs boson production processes do not show a signal-like BDT

distribution and their effect is found to be negligible in the selected data at our level

of sensitivity.

The observed and expected 95% confidence level (CL) upper limits on the cross sec-

tion for pp → HH → bbbb nonresonant production, are computed using the asymptotic

approximation [65] of the CLs criterion [66–68], using a test statistic based on the profile

likelihood ratio (the LHC test statistic) [65]. The systematic uncertainties are treated as

nuisance parameters and are profiled in the minimization. The limits are shown in table 5

together with the 1 s.d. and 2 s.d. CL intervals around the expected limits. For the SM

process, the expected limit is 419 fb, which corresponds to ≈37 times the SM HH produc-

tion cross section times the square of the branching fraction for the H → bb decay. The

observed upper limit obtained is 847 fb, which is ≈2 s.d. above the expected upper limit.

This corresponds to an observed limit of 2496 fb for σ(pp → HH)SM.

– 19 –

J
H
E
P
0
4
(
2
0
1
9
)
1
1
2

(Data - background) / background

 signal) / backgroundbbb b→(HH 

Total uncertainty

Figure 7. Results of the fit to the BDT distribution for the SM HH production signal. In the
bottom panel a comparison is shown between the best fit signal and best fit background subtracted
from measured data. The band, centred at zero, shows the total uncertainty.

compatibility. As a result, the 64 bins with BDT >0.2 are used to extract the limits.

The fit to the SM signal is shown in figure 7 and the postfit distributions of reconstructed

Higgs boson masses are shown in figure 8. Minor background contamination arising from

ttH, ZH, bbH, and single Higgs boson production processes do not show a signal-like BDT

distribution and their effect is found to be negligible in the selected data at our level

of sensitivity.

The observed and expected 95% confidence level (CL) upper limits on the cross sec-

tion for pp → HH → bbbb nonresonant production, are computed using the asymptotic

approximation [65] of the CLs criterion [66–68], using a test statistic based on the profile

likelihood ratio (the LHC test statistic) [65]. The systematic uncertainties are treated as

nuisance parameters and are profiled in the minimization. The limits are shown in table 5

together with the 1 s.d. and 2 s.d. CL intervals around the expected limits. For the SM

process, the expected limit is 419 fb, which corresponds to ≈37 times the SM HH produc-

tion cross section times the square of the branching fraction for the H → bb decay. The

observed upper limit obtained is 847 fb, which is ≈2 s.d. above the expected upper limit.

This corresponds to an observed limit of 2496 fb for σ(pp → HH)SM.

– 19 –

J
H
E
P
0
4
(
2
0
1
9
)
1
1
2

Figure 10. 95% CL cross section limits on σ(pp → HH → bbbb) for values of κλ in the [-20,20]
range, assuming κt = 1; the theoretical prediction with κt = 1 is also shown.

HH signal. Limits at 95% confidence level on the HH production cross section times the

square of the branching fraction for the Higgs boson decay to b quark pairs are extracted

for the SM and each BSM model considered, using binned likelihood fits of the shape of

the boosted decision tree classifier output. The background model is derived from a novel

technique based on data that provides a multidimensional representation of the dominant

quantum chromodynamics multijet background and also models well the overall background

distribution. The expected upper limit on σ(pp → HH → bbbb) is 419 fb, corresponding

to 37 times the expected value for the SM process. The observed upper limit is 847 fb.

Anomalous couplings of the Higgs boson are also investigated. The upper limits extracted

for the HH production cross section in the 13 BSM benchmark models range from 508

to 3513 fb.
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Limits
SM obs (exp): 75 (37)×σSM

kλ = λ/λSM (kt = 1) scan:
no exclusion

C. Amendola (LLR) Higgs Hunting July 30, 2019 5 / 15

NEW! JHEP04 (2019) 112
NEW! JHEP01 (2019) 040

https://doi.org/10.1007/JHEP04(2019)112
https://doi.org/10.1007/JHEP01(2019)040


HH→bbbb (resonant)
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Figure 8. The observed and expected upper limits on the cross section for a spin-2 resonance
X → H(bb)H(bb) at 95% CL, using the asymptotic CLs method. The theoretical cross section for
the bulk KK-graviton, with κ/MPl = 0.5 and κl = 35, decaying to four b jets via Higgs bosons
is overlaid. The transition between the LMR and the MMR is based on the expected sensitivity,
resulting in the observed discontinuity.
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Figure 9. The observed and expected upper limits on the cross section for a spin-0 resonance
X → H(bb)H(bb) at 95% CL, using the asymptotic CLs method. The theoretical cross section for
the production of a radion, with Λ = 3TeV, κl = 35, and no radion-Higgs boson mixing, decaying
to four b jets via Higgs bosons is overlaid. The transition between the LMR and the MMR is based
on the expected sensitivity, resulting in the observed discontinuity.
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Low mass Resolved
• At least 3 b-tagged jets
• Data-driven QCD estimation from sidebands of

Higgs candidates masses
The CMS Collaboration / Physics Letters B 781 (2018) 244–269 251

Fig. 9. The limits for the spin-0 radion (upper) and the spin-2 bulk graviton (lower) 
models. The result for mX < 1200 GeV uses the background predicted using the 
control regions, while for mX ≥ 1200 GeV the background is derived from a com-
bined signal and background fit to the data in the control and the signal regions. 
The predicted theoretical cross sections for a narrow radion or a bulk graviton are 
also shown.

6. Results

As shown in Figs. 6 and 8, for the signal regions, the observed 
mjj,red distribution is consistent with the estimated background. 
The results are interpreted in terms of upper limits on the prod-
uct of the production cross sections and the branching fractions 
σ (pp → X)B(X → HH → bbbb) for radion and bulk graviton of var-
ious mass hypotheses. The asymptotic approximation of the mod-
ified frequentist approach for confidence levels, taking the profile 
likelihood as a test statistic [81–83], is used. The limits are shown 
in Fig. 9 for a narrow width radion or a bulk graviton. These are 
compared with the theoretical values of the product of the cross 
sections and branching fractions for the benchmarks κ/MPl = 0.5
and #R = 3 TeV, where the narrow width approximation for a 
signal is valid, and where the corresponding HH decay branch-
ing fractions in the mass range of interest are 10 and 23%, for 
the graviton and the radion, respectively [13]. The expected limits 
on the bulk graviton are more stringent than those on the radion 
because of the higher efficiency of the |$η(j1, j2)| separation re-
quirement for the former signal.

The upper limits on the production of the cross sections and 
branching fraction lies in the range 126–1.4 fb for a narrow reso-
nance X of mass 750 < mX < 3000 GeV. Assuming #R = 3 TeV, a 
bulk radion with a mass between 970 and 1400 GeV is excluded at 
95% confidence level, except in a small region close to 1200 GeV, 
where the observed limit is 11.4 pb, the theoretical prediction be-
ing 11.2 pb.

7. Summary

A search for a narrow massive resonance decaying to two 
standard model Higgs bosons is performed using the LHC proton–
proton collision data collected at a centre-of-mass energy of 
13 TeV by the CMS detector, and corresponding to an integrated 
luminosity of 35.9 fb−1. The final state consists of events with both 
Higgs bosons decaying to b quark–antiquark pairs, which were 
identified using jet substructure and b-tagging techniques applied 
to large-area jets. The data are found to be consistent with the 
standard model expectations, dominated by multijet events. Up-
per limits are set on the products of the resonant production cross 
sections of a Kaluza–Klein bulk graviton and a Randall–Sundrum 
radion, and their branching fraction to HH → bbbb. The limits 
range from 126 to 1.4 fb at 95% confidence level for bulk gravi-
tons and radions in the mass range 750–3000 GeV. For the mass 
scale #R = 3 TeV, a radion of mass between 970 and 1400 GeV
(except in a small region close to 1200 GeV) is excluded. These 
limits on the bulk graviton and the radion decaying to a pair of 
standard model Higgs bosons are the most stringent to date, over 
the mass range explored.
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High mass Boosted + Semi-boosted
• 2 large-area jets or 1 large-area jet + 2 jets, passing

b-tag or double-b discriminator
• QCD background measured from sidebands of

large-area jet mass and double-b discriminator

Excluded mass ranges
Radion: 260-280 GeV; 300-450 GeV; 480-1120 GeV; no exclusion in high mass region

Graviton: 320-450 GeV; 480-720 GeV; no exclusion in high mass region (backup)
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HH→bbVV

Resonant and non-resonant searches
performed

Event categories: bbee, bbµµ, bbeµ
Dominant backgrounds: tt (irreducible), DY
• Data-driven DY estimation
DNN to improve signal-background
separation
• Output used as final discriminant
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HH→bbττ
Comprehensive set of results on resonant and non-resonant searches

Final states: (eτh, µτh, τhτh) + 2 jets
Categorisation on number (1/2) of b-tagged jets
• Boosted category: only 1 b-tagged large-area jet +

substructure requirements
BDT technique to reject tt background in eτh, µτh channels
Signal extraction from kinematic variables:
• Resonant search: kinematic fit of HH decay (fit based on

4-momenta of the τ and b candidates and on~pmissT )

• Non-resonant search: “stransverse mass” MT2 (largest mass of the
parent particle compatible with the kinematic constraints of the event)

Limits

SM obs (exp): 31 (25)×σSM

kλ-kt scan performed

Additional hMSSM
interpretation

No exclusion on Radion nor
Graviton mass
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HH→bbγγ
Resonant and non-resonant searches performed: most sensitive channel to SM HH

• Main backgrounds: nγ+jets, single-H
• Categorisation in MVA and reduced mass:
MX = mγγbb− (mbb−mH)− (mγγ−mH)
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smoothly falling mass spectrum, as expected for the nγ + jets back-
ground. Finally, the single-Higgs boson backgrounds peak in mγ γ , 
but not in mjj or M̃X (except the VH process which gives a peak in 
mjj around the V masses).

The |cos θCS
HH| distribution is sensitive to the tensor structure of 

the production mechanism (see for example Ref. [65]). It is rela-
tively flat for ggHH [66] and the spin-0 mediated production. For 
the spin-2  mediated production it decreases toward 1, while for 
VBF HH and the data it rises toward 1. The distribution of the co-
sine of the H → γ γ helicity angle is expected to be flat for the 
samples with genuine Higgs bosons. The decrease toward 1 is due 
to the selections on photon pT. In the data the distribution rises 
up to 0.8 and then decreases. This shape results from the combi-
nation of matrix element properties and the asymmetric selections 
on the photon pT. In the same way, the |cos θjj| distribution is flat 
for the signal, but rises significantly toward 1 for the data and ggH.

5. Event classification and modeling

After dijet and diphoton candidate selection, events are placed 
into categories using the M̃X variable and a multivariate (MVA) 
classifier. Both variables are designed to minimize the correlation 
between mγ γ and mjj . In each category, a parametric fit is per-
formed in the two-dimensional mγ γ –mjj plane for the signal ex-
traction procedure using a product of probability densities (PDs) 
for signal and backgrounds. This 2 D approach helps to constrain 
the impact of the single-Higgs boson background since its struc-
ture in mjj differs from that of the signal. Finally, all the categories 
are combined together assuming a signal model to maximize the 
sensitivity of the analysis.

5.1. Event classification

5.1.1. M̃X categorization
In the nonresonant search, a categorization is performed us-

ing the M̃X information. Since the M̃X spectrum for SM-like ggHH
production has a maximum at around 400 GeV and the nγ + jets
background peaks at the kinematic threshold of 2 50 GeV = 2 mH, 
the maximal sensitivity is achieved for M̃X > 3 50 GeV. However, 
anomalous couplings may change the M̃X distribution for the sig-
nal hypothesis. Therefore, instead of imposing a M̃X selection, 
events are categorized in the nonresonant search into high-mass 
(HM) and low-mass (LM) regions that are above and below M̃X =
3 50 GeV, respectively.

In the resonant search, M̃X is used to define a unique sig-
nal region that depends on the mass of the resonance being 
sought. This mass window typically contains 60% of the signal at 
low mX, increasing gradually for higher mX. The resonant search 
starts just above the threshold at 2 60 GeV ! 2 mH and extends 
up to mX = 900 GeV. In fact the R j value used in this paper is 
small enough to reconstruct the decay products of two boosted b
quarks produced in the Higgs boson decays as separate jets up to 
mX ≈1.2 5 TeV [67]. However, for values of mX ≈1 TeV and larger 
the available amount of data is too small to perform the signal ex-
traction procedure as defined in this paper.

5.1.2. MVA categorization
An MVA procedure is used to select the most signal-like events 

and to further classify them. With this goal, a boosted decision tree 
(BDT) is trained with the TMVA package [68] using three types of 
variables:

• b tagging variables: the b tagging score of each jet in the dijet 
candidate;

• Helicity angles as defined in Section 4.3 ;

Fig. 4. Distributions of the BDT output (classification MVA) obtained for the high-
mass nonresonant training. Data, dominated by nγ + jets background, are compared 
to different signal hypotheses and three single-Higgs boson samples (ttH, VH, and 
ggH) after the selections on photons and jets summarized in Table 2 . The statistical 
uncertainties on the data are barely visible beyond the markers. The resonant sig-
nal cross section is normalized to 500 fb and the SM-like ggHH (VBF HH) process 
to 104 (105) times its cross section.

• HH transverse balance variables: pγ γ
T /mγ γ jj and pjj

T/mγ γ jj , 
where pjj

T is the transverse momentum of the dijet candidate.

The BDT is trained with the ensemble of ggHH samples as the 
signal hypothesis in the nonresonant search separately for low-
and high-mass categories. For the resonant cases, the ensemble of 
resonant signals is used to train one BDT for mX < 600 GeV and 
another one for mX > 600 GeV. This training strategy maximizes 
the sensitivity to massive resonances. The background events used 
for the training are obtained from a control sample that was ex-
tracted from the data by inverting the identification condition on 
one of the two photons. This sample is dominated by events hav-
ing a photon produced with three accompanying jets. We verified 
that after excluding the events with 12 0 < mγ γ < 13 0 GeV in the 
signal and control samples, the kinematic properties of these two 
samples are well matched.

Fig. 4 shows the BDT output from one of the four trainings. 
The MVA efficiently separates gluon–gluon produced signals from 
the nγ + jets background that represents the dominant contribu-
tion to the data. The most powerful discriminating variables used 
in the BDT are the b tagging scores of the jets, followed by the 
kinematic variables. Therefore, the single-Higgs boson production 
samples with genuine contributions from two b quarks (ttH and 
Z(→ bb)H) are classified as more signal-like, while ggH and other 
VH processes are classified as more background-like. Finally, events 
from the VBF HH production are selected less efficiently than those 
from ggHH production.

For a given category the purity is defined as the ratio between 
the number of events coming from a hypothetical signal with a 
production cross section normalized to 1 fb and the number of 
background events. For each of the four trainings, the output of 
the MVA classifier is used to define a category with the highest 
purity (HPC) and another with medium purity (MPC). The remain-
ing events are rejected, because they do not improve the sensitivity 
of the analysis. In the nonresonant low-M̃X MPC region, an addi-
tional requirement is placed on the b tagging score, corresponding 
to 80% efficiency for genuine b jets [60]. This reduces the contribu-
tion of the events where the jet with lowest b tagging score comes 
from a pileup event. Table 3 shows the HPC and MPC definitions 
for the different regions of the resonant and nonresonant analyses.

• MVA to efficiently
discriminate
against nγ+jets

• Striking
improvement at
low mass using MX

Signal extraction through 2D likelihood
mγγ×mbb

• 10% improvement w.r.t. 1D fit on mγγ : better
discrimination against single-H

Limits
SM obs (exp): 24 (19)×σSM
(VBF HH signal inclusion improves sensitivity by 1.3%)

Constrained λ to −11 < kλ < 17
Radion (ΛR = 3 TeV): excluded mX < 540 GeV
Graviton: excluded 290 <mX < 810 GeV (backup)
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Different sensitivities in different regions
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emission of an HH pair from a top quark loop. The
minimum at kλ ¼ 2.46 corresponds to the maximum
negative interference between the two diagrams, which
results in a minimum of the cross section but at the same
time enhances the relative importance of tails in the MHH
distribution. The maximum at kλ ≈ 5 is due to the softness
of the MHH spectrum for such values of the trilinear
coupling, causing a larger fraction of events to fall outside
experimental acceptance. As jkλj increases, the production
via the trilinear Higgs coupling becomes dominant and the
limit asymptotically approaches the same value for both
kλ ≪ −10 and kλ ≫ 10. This is reflected in the observed
exclusion limit as well, where the significance of the small
observed excess is relatively less important in the more
sensitive small kλ region than at large values of kλ. When
fixing all the other EFT parameters to their SM values, the
kλ parameter is observed (expected) to be constrained to the
range −11.8 < kλ < 18.8 (−7.1 < kλ < 13.6) at 95% C.L.
The observed exclusions for the different EFT benchmarks
[26] are in the range of 100–3000 fb, and can be seen in
Supplemental Material [58]. A small excess, similar to that
observed at the SM value, is present across most of the
phase space with the exception of the more boosted
topologies.
The resonant search is performed in the range of masses

from 250 to 3000 GeV. Under the hypothesis of a narrow-
width resonance, no significant excess is found across the
whole range for either a spin-0 or a spin-2 resonance. The
results of the combined resonant search are shown in Fig. 3
for the spin-0 model, and in the Supplemental Material [58]
for the spin-2 case.
In summary, a combination of searches for nonresonant

and resonant Higgs boson pair production has been
presented. The combination includes the bbγγ, bbττ,

bbbb, and bbVV channels, where V represents a W or
Z boson, using a data sample collected in proton-proton
collisions at

ffiffiffi
s

p
¼ 13 TeV, which corresponds to an

integrated luminosity of 35.9 fb−1. Upper limits at
95% confidence level (C.L.) on the Higgs boson pair
production cross section are obtained. For the nonresonant
production mechanism, the observed (expected) 95% C.L.
corresponds to 22.2 (12.8) times the theoretical prediction
for the standard model cross section. An effective field
theory framework is used to parametrize the cross section
as a function of anomalous couplings of the Higgs boson.
When varying only the ratio kλ between the Higgs trilinear
coupling λHHH and its standard model expectation, values
of kλ in the region −11.8 < kλ < 18.8 (−7.1 < kλ < 13.6)
are still allowed by the observed (expected) data. For the
resonant production mechanism, upper exclusion limits at
95% C.L. are obtained for the production of a narrow
resonance with mass ranging from 250 to 3000 GeV. These
results represent both the most sensitive and most com-
prehensive study of double Higgs production at the LHC
to date.
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FIG. 3. Expected (dashed) and observed (solid line) 95% C.L.
exclusion limits on the production of a narrow, spin zero
resonance (X) decaying into a pair of Higgs bosons. The inner
(green) band and the outer (yellow) band indicate the regions
containing 68 and 95%, respectively, of the limits on the HH
cross section expected under the background-only hypothesis.
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• Limits also set for spin-2 hypothesis

• No significant excess observed
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Combination: non-resonant production

correlated across all channels, and are of the order of 5% for
the most relevant ones (single top, tt̄, VH). The uncertainty
in the same-sign to opposite-sign candidate ratio in the
bbττ channel is propagated to the estimation of the multijet
background, and the uncertainties in the scale factors
applied to the Z=γ! → ll background estimation to correct
for higher-order effects are also taken into account. A
normalization uncertainty is considered in the bbbb non-
resonant search to account for residual biases in the
hemisphere mixing technique. Some background estimates
in the bbττ, bbVV, and nonresonant bbbb analyses have
non-negligible statistical uncertainties due to the limited
number of events passing the selection in data control
regions or simulated data samples. These are taken into
account by allowing each bin in each template shape to
fluctuate independently according to a Poisson distribution.
These uncertainties are assumed to be uncorrelated across
bins in the individual template shapes. The nonresonant
signal uncertainties include contributions coming from
variations in the renormalization and factorization scales,
these amount to þ 4.3%

−6.0% [17,20] of the nonresonant signal
cross section. Other theoretical uncertainties such as those
in αS, PDFs, and finite top quark mass effects at next-to-
next-to-leading order result in a further 5.9% uncertainty
[18,19,21]. These effects are assumed to be fully correlated
across the different channels. The αS, PDFs, and scale
variation effects are also included for single H background
contributions. These uncertainties are considered fully
correlated for the VH production in the bbττ, bbVV,
and bbγγ channels. The uncertainty in the branching
fraction of the Higgs boson to bb [17] is also assumed
to be fully correlated across all channels.
The event yield in data is small, so the statistical

uncertainties are much larger than the systematic ones.
Those with the largest effect on the final result are the
statistical fluctuations in the yield in the most sensitive bins
of the BDTand the overall background normalization in the
bbbb channel, the hadronically decaying τ lepton energy
scale effects in the bbττ analysis, and the uncertainty in the
functional form used to model the signal shape in the bbγγ
channel. These effects are as large as 10 (5)% for the bbbb
and bbττ (bbγγ) uncertainties. Due to its lower overall
sensitivity, the systematic uncertainties affecting the bbVV
analysis have little effect on the combined result. The
largest sources of systematic uncertainty for this channel
arise from the uncertainties in the tt̄ cross section, electron
identification efficiency, and b tagging efficiency.
With all the correlations across the channels included,

the observed and expected limits at 95% confidence level
on the nonresonant HH production signal strength are
measured to be 22.2 and 12.8 times the SM expectations,
respectively. They are shown in Fig. 1 for the individual
channels and their combination. Small excesses, compat-
ible with statistical fluctuations, are observed in the bbbb,
bbττ, and bbγγ final states and result in a small excess in

the combined result. A scan is performed for different
values of the kλ parameter, while keeping all other EFT
parameters fixed at their SM values. The value of kλ affects
both the expected cross section and the HH decay
kinematics. For each value, these differences are fully
simulated and considered in the scan. Resulting limits are
reported in Fig. 2. The exclusion limit as a function of kλ
closely follows the features of the HH production cross
section and HH invariant mass distribution MHH [57],
which are sculpted by the interference between the HH
production via the trilinear Higgs coupling and the

HH
SMσ/HHσ95% CL on 
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FIG. 1. The 95% C.L. upper limits on the signal strength
μ ¼ σHH=σSMHH. The inner (green) band and the outer (yellow)
band indicate the regions containing 68 and 95%, respectively, of
the limits on μ expected under the background-only hypothesis.
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FIG. 2. Expected and observed 95% C.L. upper limits on the
HH production cross section as a function of the kλ parameter.
The inner (green) band and the outer (yellow) band indicate the
regions containing 68 and 95%, respectively, of the limits on the
HH cross section expected under the background-only hypoth-
esis. The red band shows the expected theoretical [26] cross
section expectations and its uncertainty. All other couplings and
EFT parameters are set to their SM values.
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correlated across all channels, and are of the order of 5% for
the most relevant ones (single top, tt̄, VH). The uncertainty
in the same-sign to opposite-sign candidate ratio in the
bbττ channel is propagated to the estimation of the multijet
background, and the uncertainties in the scale factors
applied to the Z=γ! → ll background estimation to correct
for higher-order effects are also taken into account. A
normalization uncertainty is considered in the bbbb non-
resonant search to account for residual biases in the
hemisphere mixing technique. Some background estimates
in the bbττ, bbVV, and nonresonant bbbb analyses have
non-negligible statistical uncertainties due to the limited
number of events passing the selection in data control
regions or simulated data samples. These are taken into
account by allowing each bin in each template shape to
fluctuate independently according to a Poisson distribution.
These uncertainties are assumed to be uncorrelated across
bins in the individual template shapes. The nonresonant
signal uncertainties include contributions coming from
variations in the renormalization and factorization scales,
these amount to þ 4.3%

−6.0% [17,20] of the nonresonant signal
cross section. Other theoretical uncertainties such as those
in αS, PDFs, and finite top quark mass effects at next-to-
next-to-leading order result in a further 5.9% uncertainty
[18,19,21]. These effects are assumed to be fully correlated
across the different channels. The αS, PDFs, and scale
variation effects are also included for single H background
contributions. These uncertainties are considered fully
correlated for the VH production in the bbττ, bbVV,
and bbγγ channels. The uncertainty in the branching
fraction of the Higgs boson to bb [17] is also assumed
to be fully correlated across all channels.
The event yield in data is small, so the statistical

uncertainties are much larger than the systematic ones.
Those with the largest effect on the final result are the
statistical fluctuations in the yield in the most sensitive bins
of the BDTand the overall background normalization in the
bbbb channel, the hadronically decaying τ lepton energy
scale effects in the bbττ analysis, and the uncertainty in the
functional form used to model the signal shape in the bbγγ
channel. These effects are as large as 10 (5)% for the bbbb
and bbττ (bbγγ) uncertainties. Due to its lower overall
sensitivity, the systematic uncertainties affecting the bbVV
analysis have little effect on the combined result. The
largest sources of systematic uncertainty for this channel
arise from the uncertainties in the tt̄ cross section, electron
identification efficiency, and b tagging efficiency.
With all the correlations across the channels included,

the observed and expected limits at 95% confidence level
on the nonresonant HH production signal strength are
measured to be 22.2 and 12.8 times the SM expectations,
respectively. They are shown in Fig. 1 for the individual
channels and their combination. Small excesses, compat-
ible with statistical fluctuations, are observed in the bbbb,
bbττ, and bbγγ final states and result in a small excess in

the combined result. A scan is performed for different
values of the kλ parameter, while keeping all other EFT
parameters fixed at their SM values. The value of kλ affects
both the expected cross section and the HH decay
kinematics. For each value, these differences are fully
simulated and considered in the scan. Resulting limits are
reported in Fig. 2. The exclusion limit as a function of kλ
closely follows the features of the HH production cross
section and HH invariant mass distribution MHH [57],
which are sculpted by the interference between the HH
production via the trilinear Higgs coupling and the

HH
SMσ/HHσ95% CL on 

6 7 8 910 20 30 40 506070 100 200 300 400

 SM×Expected 12.8
SM×Observed 22.2

Combined

SM×Expected 18.8
SM×Observed 23.6

γγbb

SM×Expected 25.1
SM×Observed 31.4

ττbb

SM×Expected 36.9
SM×Observed 74.6

bbbb

SM×Expected 88.8
SM×Observed 78.6

bbVV

Observed

Median expected

68% expected

95% expected

CMS

HH→gg

 (13 TeV)-135.9 fb

FIG. 1. The 95% C.L. upper limits on the signal strength
μ ¼ σHH=σSMHH. The inner (green) band and the outer (yellow)
band indicate the regions containing 68 and 95%, respectively, of
the limits on μ expected under the background-only hypothesis.

SMλ/HHHλ=λk
20− 15− 10− 5− 0 5 10 15 20

H
H

 ) 
[fb

]
→

(p
p

σ

500

1000

1500

2000

2500

3000
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CMS  (13 TeV)-135.9 fb

95% C.L. upper limits
Observed
Median expected
68% expected
95% expected

Theoretical Prediction

SM

FIG. 2. Expected and observed 95% C.L. upper limits on the
HH production cross section as a function of the kλ parameter.
The inner (green) band and the outer (yellow) band indicate the
regions containing 68 and 95%, respectively, of the limits on the
HH cross section expected under the background-only hypoth-
esis. The red band shows the expected theoretical [26] cross
section expectations and its uncertainty. All other couplings and
EFT parameters are set to their SM values.

PHYSICAL REVIEW LETTERS 122, 121803 (2019)

121803-4

SM combined limit: 22 (13)×σSM

• Run I combination obs (exp) limit:
43 (46)×σSM

BSM obs (exp) constraints:
−11.8 < kλ < 18.8 (−7.1 < kλ < 13.6)
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NEW! Phys. Rev. Lett. 122, 121803
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BSM benchmarks
Producing samples for all the combinations of couplings would be computationally
prohibitive

Anomalous couplings clustering strategy used in all analyses: JHEP 04 (2016) 126
Parameter space divided into 12 regions (+ SM + λ = 0 scenarios) with similar kinematics
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Figure 5. Generation-level distributions of di-Higgs boson mass mhh (top three rows) and emission
angle | cos θ∗| (bottom three rows) for the clusters identified by the choice Nclus = 12. The red
distributions correspond to the benchmark sample in each cluster, while the blue ones describe the
other members of each cluster. Cluster 3 contains the SM sample.
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Figure 5. Generation-level distributions of di-Higgs boson mass mhh (top three rows) and emission
angle | cos θ∗| (bottom three rows) for the clusters identified by the choice Nclus = 12. The red
distributions correspond to the benchmark sample in each cluster, while the blue ones describe the
other members of each cluster. Cluster 3 contains the SM sample.
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Benchmark kλ kt c2 cg c2g
2 1.0 1.0 0.5 -0.8 0.6
7 5.0 1.0 0.0 0.2 -0.2

Shape benchmark
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γγ
bb Combined

 (13 TeV)-135.9 fb
Assumes SM Higgs boson branching fractions

supplementaryCMS 

Complementary
sensitivity of all analyses

The hierarchy of the
analyses sensitivity is

different in different BSM
scenarios
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Perspectives for HH searches

Getting closer to the observation of SM Higgs pair production:
22 (13)×σSM with 35.9 fb−1

• the single analyses are constantly improving
• full Run II statistics: ∼ 150 fb−1

Projection using 2015 data at 13 TeV
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ECFA16 S1

ECFA16 S2

Stat. error only

CMS projection

channel

ττbb→HH→gg

(13 TeV)

CMS PAS FTR-16-002
bbττ already overperformed the
projected results

result: 25 ×σSM with 35.9 fb−1

projection: 25 ×σSM with 100 fb−1

• Updated projections: CERN-LPCC-2018-04 NEW!

CMS PAS FTR-18-019 NEW!
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https://cds.cern.ch/record/2266165/files/FTR-16-002-pas.pdf
https://arxiv.org/pdf/1902.00134.pdf
https://cds.cern.ch/record/2652549/files/FTR-18-019-pas.pdf


HL-LHC latest projections

Projected sensitivity of the combination of the 4
existing analyses + rare but clean bbZZ(4`)
• DELPHES fast parametric simulation: upgraded CMS

response (see Elisa Fontanesi’s talk in this conference)

• PU = 200, L = 3000 fb−1

Channel
Significance 95% CL limit on σHH/σSM

HH
Stat. + syst. Stat. only Stat. + syst. Stat. only

bbbb 0.95 1.2 2.1 1.6
bbττ 1.4 1.6 1.4 1.3
bbWW(`ν`ν) 0.56 0.59 3.5 3.3
bbγγ 1.8 1.8 1.1 1.1
bbZZ(````) 0.37 0.37 6.6 6.5

Combination 2.6 2.8 0.77 0.71

2016 obs

75

31

79

24

—

22

Projected constraints on kλ :

[0.35, 1.9] at 68% CL
[-0.18, 3.6] at 95% CL

HH searches are an excellent case for HL-LHC
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Conclusion

Non-resonant and resonant Higgs pair production searches are
performed in 4 different channels with 2016 data

Different channels have different sensitivities
• The combination of channels brings a significant improvement:

obs (exp) 22 (13)×σSM with 35.9 fb−1

The 2016 analyses performed better than the pre-existing predictions!
• Advanced analysis techniques not fully exploited yet (e.g. DNN)
• The observation of the SM Higgs pair production is definitely within

reach of HL-LHC
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Backup



HH→bbbb (non-resonant)

Resolved analysis

Boosted analysis

Shape benchmark
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NEW! JHEP04 (2019) 112
NEW! JHEP01 (2019) 040

https://doi.org/10.1007/JHEP04(2019)112
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HH→bbbb (resonant)

 (GeV)X m
300 400 500 600 700 800 900 1000 1100 1200

))
 (

fb
)

b
) 

H
(b

b
H

(b
→

 B
r(

X
×

X
) 

→
(p

p
σ 

1

10

210

310

410

510

Spin-2

Observed upper limit

Expected upper limit

68% Expected

95% Expected

=0.5
Pl

/MκBulk Graviton 
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-1
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CMS

Low mass Resolved
• At least 3 b-tagged jets
• Data-driven QCD estimation from sidebands of

Higgs candidates masses

High mass Boosted + Semi-boosted
• 2 large-area jets or 1 large-area jet + 2 jets, passing

b-tag or double-b discriminator
• QCD background measured from sidebands of AK8

jet mass and double-b discriminator

Excluded mass ranges
Radion: 260-280 GeV; 300-450 GeV; 480-1120 GeV; no exclusion in high mass region

Graviton: 320-450 GeV; 480-720 GeV; no exclusion in high mass region
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NEW! JHEP08 (2018) 152
PLB 781 (2018) 244

https://doi.org/10.1007/JHEP08(2018)152
https://www.sciencedirect.com/science/article/pii/S0370269318302806


HH→bbVV
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JHEP 01 (2018) 054

https://link.springer.com/article/10.1007/JHEP01(2018)054


HH→bbττ
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PLB 778 (2018) 101

https://www.sciencedirect.com/science/article/pii/S037026931830008X


HH→bbγγ
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NEW! PLB 788 (2019) 7

https://www.sciencedirect.com/science/article/pii/S037026931830827X

