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INTRODUCTION
Higgs boson pair (HH) production: crucial to probe the Higgs potential in the Standard Model (SM)


Dominant production mode: gluon-gluon fusion (ggF)


very rare process in the SM: σggF ~ 31 fb 


i.e., in total about 4300 HH events in the Run2 dataset


allows to directly probe the Higgs trilinear coupling λHHH


Second production mode: vector boson fusion (VBF)


even more rare: σVBF ~ 1.7 fb 


but: a unique channel to probe the HHVV  
quartic coupling (κ2V)


moreover, if the HHVV coupling deviates from the SM (κ2V ≠ 1), a significant fraction of signal becomes 
highly Lorentz-boosted


-> enhanced sensitivity using boosted objects for Higgs boson reconstruction
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HH production modes
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FIG. 1: Cartoon of the region in the plane (g⇤, /g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area ( < gmin), while exploration of the light blue region
(gmin < <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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HH production ⟹ direct determination 
of Higgs trilinear coupling λHHH

■ Gluon fusion: dominant production mode
□ about 4500 HH events in the Run 2 datasets
□ large destructive interference ⟹ tiny xs

□ self-coupling information both total and
differential cross section (strong mHH 
dependence on λHHH)


■ VBF: second production mode

Phys. Lett. B 732 (2014) 142
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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and the total background. We show the contribution from resolved and boosted events as well as the sum of the three categories.

categories. For signal events in the SM, the vast majority are classified in the resolved category as expected since in
this case the boost of the di-Higgs system is small except at 100 TeV and for large mhh values. On the other hand, in the
case of c2V = 0.8, the energy growth of the partonic cross section induces a much harder mhh spectrum. This implies
that, already at 14 TeV, a substantial fraction of events falls in the boosted category which becomes the dominant one
at 100 TeV. For c2V = 0.8, the crossover between the resolved and boosted categories takes place at mhh ' 1.5 TeV for
both colliders, although this specific value depends on the choice of the jet radius R [10]. Unsurprisingly, background
events are always dominated by the resolved topology.

3.4 Signal and background event rates

Now that we have presented our analysis strategy, we can turn to discuss the actual impact on the cross sections and
event rates of the various steps of the cut flow. In Table 3 we report the cross sections at 14TeV and 100TeV after
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HH production ⟹ direct determination 
of Higgs trilinear coupling λHHH

■ Gluon fusion: dominant production mode
□ about 4500 HH events in the Run 2 datasets
□ large destructive interference ⟹ tiny xs

□ self-coupling information both total and
differential cross section (strong mHH 
dependence on λHHH)


■ VBF: second production mode
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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contribution comes from the crossing of the box diagram). The last diagram on the first line
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Higgs and the gluons denoted with a cross.
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case due to the limited sensitivity on the high mhh region.
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of Higgs trilinear coupling λHHH

■ Gluon fusion: dominant production mode
□ about 4500 HH events in the Run 2 datasets
□ large destructive interference ⟹ tiny xs

□ self-coupling information both total and
differential cross section (strong mHH 
dependence on λHHH)


■ VBF: second production mode
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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categories. For signal events in the SM, the vast majority are classified in the resolved category as expected since in
this case the boost of the di-Higgs system is small except at 100 TeV and for large mhh values. On the other hand, in the
case of c2V = 0.8, the energy growth of the partonic cross section induces a much harder mhh spectrum. This implies
that, already at 14 TeV, a substantial fraction of events falls in the boosted category which becomes the dominant one
at 100 TeV. For c2V = 0.8, the crossover between the resolved and boosted categories takes place at mhh ' 1.5 TeV for
both colliders, although this specific value depends on the choice of the jet radius R [10]. Unsurprisingly, background
events are always dominated by the resolved topology.

3.4 Signal and background event rates

Now that we have presented our analysis strategy, we can turn to discuss the actual impact on the cross sections and
event rates of the various steps of the cut flow. In Table 3 we report the cross sections at 14TeV and 100TeV after
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ANALYSIS OVERVIEW
First search of VBF HH production with boosted objects 
[CMS-PAS-B2G-21-001]


Both Higgs bosons required to decay to a pair of bottom 
quarks


largest branching fraction, though high QCD multijet 
background


Focus on the regime where both Higgs bosons are highly 
boosted


decay products becomes highly collimated and therefore 
reconstructed as one merged jet instead of two separate jets


enhanced sensitivity for anomalous HHVV quartic coupling


Identification and reconstruction of the boosted H→bb 
decay is the key of this analysis


advanced machine learning techniques exploited to improve 
the performance
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Which decay channels?
■ Many final states explored at 

the LHC

□ progressively covering more as 

luminosity increases


■ Several full Run 2 results 
available!

□ focus of this talk

4

No “golden channel” for the 
study of HH

Complementarity from the final 
states for SM observation and 

BSM study

: current public results at sqrt(s) = 13 TeVXX %
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ANALYSIS STRATEGY

VBF topology: two small-R jets with dijet mass > 500 GeV and |Δη| > 4


Higgs bosons reconstructed as two high pT large-R jets (pT > 500/400 GeV)


H→bb identification with the ParticleNet algorithm


Higgs jet mass reconstructed with the ParticleNet mass regression

5
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Boosted VBF HH➝4b: Strategy B2G-21-001
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3

Two AK8 jets

pT>500 GeV

pT>400 GeV

A pair of AK4 jets

mjj > 500 GeV 

Δη > 4

✤ Tight kinematic selections mean that we need maximal H identification efficiency 
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H→BB IDENTIFICATION
The ParticleNet algorithm used to identify the H→bb 
decay


ParticleNet [Phys. Rev. D 101, 056019 (2020)]


treating a jet as an unordered set of particles in space


using permutation-invariant graph neural networks


mass-decorrelated version (ParticleNet-MD) used in this 
analysis


mass decorrelation archived by training on a signal sample  
with variable Higgs boson masses (flat spectrum  
ranging between 15 to 250 GeV)


~3-4x better background rejection than previous DNN 
tagger
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MASS REGRESSION
Jet mass: one of the most powerful observables to 
distinguish jets from different origins


soft drop grooming applied to reduce sensitivity to unrelated 
radiations (initial-state radiation, underlying event, pileup, etc.)


overall good performance, but still some limitations (e.g., tails 
near 0 for H->bb signal jets in soft drop mass)


Dedicated mass regression algorithm developed to improve 
the jet mass reconstruction


exploit the ParticleNet architecture to predict the jet mass 
directly from jet constituents


similar setup as the ParticleNet-MD tagger (inputs, training 
samples, etc.)


regression target


signal (H->bb/cc/qq): generated particle mass (pole mass) of H 
[flat spectrum ranging from 15–250 GeV]


background (QCD): soft drop mass of the particle-level jet


loss function


LogCosh: 

7
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https://www.cs.cornell.edu/courses/cs4780/2015fa/
web/lecturenotes/lecturenote10.html

JINST 15 (2020) P06005
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MASS REGRESSION: PERFORMANCE

Substantial improvement in both mass scale and resolution, especially for signal jets


tails in mSD also significantly reduced


Up to ~20-25% improvement in analysis sensitivity

8

0 0.5 1 1.5 2
target / MrecoM

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

ev
en

t f
ra

ct
io

n

H -> bb (soft drop)
H -> bb (regression)

CMS Simulation Preliminary

 jets T    anti-k
 R = 0.8 
 > 400 GeV

T
 p

Signal jets: H→bb

CMS DP-2021/017

0 0.5 1 1.5 2
target / MrecoM

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

ev
en

t f
ra

ct
io

n

QCD - b/bb (soft drop)
QCD - b/bb (regression)

CMS Simulation Preliminary

 jets T    anti-k
 R = 0.8 
 > 400 GeV

T
 p

Background jets: QCD

CMS DP-2021/017

https://cds.cern.ch/record/2777006/
https://cds.cern.ch/record/2777006/


Se
ar

ch
 fo

r V
BF

 H
H

 in
 b

oo
st

ed
 4

b 
fin

al
 s

ta
te

 - 
N

ov
em

be
r 2

6,
 2

02
1 

- H
ui

lin
 Q

u 
(C

ER
N

)

BACKGROUND ESTIMATION
QCD multijet background estimated with a data-driven method


using QCD-enriched "fail" region by inverting the ParticleNet bb-tagging selections


ttbar background estimated from simulation, with corrections derived from a top-enriched 
region

9

QCD mass Sculpting (AK8)

Figure 5: QCD mass spectrum obtained with the regression algorithm for large-R (R=0.8) QCD jets with pT > 400 GeV. The mass
spectrum is shown for various purities of the Hàbb ParticleNet tagger (left) and Hàcc tagger (right) corresponding to background
efficiencies of 5%, 1% and 0.5%. Limited mass sculpting is observed in the QCD mass spectrum for tighter tagger selections.
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QCD Estimation: ABCD method

7

A B

C D
Control region Signal region

Transfer  factors

Application of  transfer factors

Low  
ParticleNet  

score

High  
ParticleNet  

score

Jet mass 
sidebands

Jet mass 
close to mH

✤ C: QCD-dominated region identical to the ”Fail” in 2DAlphabet  
(low ParticleNet score) 

✤ Simulated ttbar sample subtracted from data to  
estimate the QCD mHH shape in C region 

✤ QCD shape from region C is normalized to the ”Pass”  
region D with transfer factors B/A 

✤ Transfer factors are defined as ratio of data–ttbar  
in regions B and A (as a function of mHH) 

✤ Transfer factors derived using subleading jet mass sidebands
✤ We define regions A and B by 30<mSD

subl<80 or 150<mSD
subl<210 GeV

✤ Regions A and B are inclusive in mSD
lead to ensure good statistics 

✤ Transfer factors applied using in signal region D
✤ Signal selections, incl. 80<mSD

subl<150 GeV and 90<mSD
lead<150 GeV 

✤ Transfer factors validated using leading jet mass sidebands
✤ 90<mSD

lead<150 GeV (”low-mSD
lead region”) or 90<mSD

lead<150 GeV (”high-mSD
lead region”) 

✤ NB! Transfer factors for low-mSD
lead region, the signal region, and high-mSD

lead region are identical  
(since their derivation is inclusive in mSD

lead), but samples C and D are different in each case
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No mass sculpting: ParticleNet tagger 
and jet mass largely independent

Straightforward to use the ABCD method 
for the QCD background estimation

https://cds.cern.ch/record/2777006/
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RESULTS
Signal extraction


by fitting to mHH in three search categories  
of increasing purity


signal efficiencies ~ 60%, 80%, 90% at  
QCD mis-id. rate ~0.3%, 1% and 2%


No significant excess observed
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LIMITS
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Most stringent constraint on κ2V to date: 0.6 < κ2V < 1.4


κ2V = 0 excluded for the first time!


cf. ATLAS [JHEP 07 (2020) 108]: -0.43 (-0.55) < κ2V < 2.56 (2.72) obs. (exp.)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-001/index.html
https://link.springer.com/article/10.1007/JHEP07(2020)108
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SUMMARY
First search of VBF HH production in the 4b final state with boosted objects


advanced graph neural networks used for H→bb identification and jet mass reconstruction, 
leading to significant improvement in the sensitivity


The search set the most stringent constraint on the HHVV coupling to date


the hypothesis of a vanishing HHVV coupling (κ2V = 0) is excluded for the first time, assuming 
all other Higgs couplings are at their standard model values

12
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LIMITS
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2D limit scan excludes κ2V = 0 for κV > 0.5 (with other couplings fixed to SM values)


previous (single-Higgs) results suggest that κV is close to 1 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-001/index.html
https://doi.org/10.1140/epjc/s10052-019-6909-y
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MASS REGRESSION: PERFORMANCE (II)

15

Signal jets: H→cc Signal jets: H→qq

Consistent improvements in all jet flavors
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MASS REGRESSION: PERFORMANCE (III)

Mass resolution more stable vs mX compared to soft drop


No signs of mass sculpting – even for very tight tagger selections
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