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DiHiggs and Higgs self-coupling

▸ The shape of the Higgs potential determined by the self-coupling   

▸ Trilinear self-coupling λ can be probed directly via HH production, extremely 
challenging to measure at LHC
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R.Frederix et al: Phys.Lett. B732 (2014) 142-149

https://www.sciencedirect.com/science/article/pii/S0370269314001828
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Gluon fusion HH production at the LHC

▸ Dominant gluon-gluon fusion (ggF) 
production mode (σggF = 31.05 fb)  
gives best access to H self-coupling
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▸ Spectrum of mHH depends on κλ
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VBF HH Production at the LHC

▸ Vector boson fusion (VBF) (σVBF = 1.73 fb) 
sensitive to HHVV coupling
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Fig. 10 Decomposition of the total background into individual processes as a function the di-Higgs invariant mass after all analysis cuts have been
imposed, except for the mhh cut
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Fig. 11 The di-Higgs mhh distribution at 14 TeV (left) and 100 TeV (right) after all analysis cuts showing the results for the signal (SM and
c2V = 0.8) and for the total background

coupling, parametrized as δc2V = c2V − 1, by exploiting the
information contained in the fullmhh differential distribution
(as opposed to using only the total number of events satisfy-
ing all cuts from Table 3). To achieve this, we first bin our
results in mhh and then follow a Bayesian approach [109] to
construct a posterior probability density function. We include
two nuisance parameters, θB and θS , to account for the uncer-
tainty associated with the background and signal event rate,
respectively. The parameter θS encodes the theoretical uncer-
tainties on the di-Higgs cross section and the branching frac-
tion BR(h → bb̄). We conservatively assume a 10% uncer-
tainty uncorrelated in each mhh bin.

Concerning θB , we expect that an actual experimental
analysis of di-Higgs production via VBF would estimate the
overall normalization of the different background compo-
nents by means of data-driven techniques. We assume a 15%
uncertainty arising from the measurement and subsequent
extrapolation of the dominant QCD multijet background; see
for example a recent ATLAS measurement of dijet bb̄ cross
sections [110]. The background nuisance parameter, θB , is
conservatively also assumed to be uncorrelated among mhh
bins. In addition, while we already rescale the background
cross sections to match existing NLO and NNLO results
(see Appendix A), there still remains a sizeable uncertainty
in their overall normalization from missing higher orders, in

particular for the QCD multijet components. For this reason,
below, we explore the robustness of our results upon an over-
all rescaling of all the background cross sections by a fixed
factor.

The posterior probability function constructed in this way
reads

P(δc2V |{Ni
obs}) =

∫ ∏

i∈{bins}
dθ iS dθ iB L

(
Ni (θ iB, θ

i
S)|Ni

obs
)

× e−(θ iS)
2/2 e−(θ iB )

2/2 π(c2V ), (18)

with Ni (θ iB, θ
i
S) and Ni

obs denoting, respectively, the number
of predicted (for a generic value of c2V ) and observed (assum-
ing SM couplings) events for a given integrated luminosity
L in the i th bin of the di-Higgs invariant mass distribution
mhh , given by2:

Ni (θB, θS) =
[
σ i

sig(c2V )
(
1+θ iS δS

)
+σ i

bkg
(
1+θ iB δB

)]
× L ,

Ni
obs =

[
σ i

sig(c2V = 1)+ σ i
bkg

]
× L . (19)

In Eq. (19), σ i
sig(c2V ) and σ i

bkg indicate the signal (for a given
value of c2V ) and total background cross sections, respec-
tively, for the i-th bin of the mhh distribution. The functional

2 In our analysis, we use 15 bins starting at 250 GeV up to 6(30)TeV
for the LHC(FCC) that are uniformly spaced on a log scale. In addition,
we define an overflow bin up to the relevant centre-of-mass energy.

123

κ2V = 0.8
(κ2V = 1)

EPJC 77, 481 (2017)

▸ smaller κ2V leads to larger 
cross section, harder mHH 
spectrum, and boosted VBF 
signatures

http://doi.org/%2010.1140/epjc/s10052-017-5037-9


Nan Lu (USTC) Search for di-Higgs boson production at CMS 5

EFT studies with HH

• The HEFT Lagrangian as a function of the anomalous coupling modifiers

• Considering operators up to dimension 6, the tree-level interactions of the Higgs boson are 
modeled by five parameters κλ, κt, c2, cg, c2g

• cg, c2g, c2: interactions between two gluons and one H boson, two gluons and two H bosons, 
and two top quarks and two H bosons
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Nonresonant HH searches in Run 2 in CMS 

▸ multilepton (e, μ, τh), HH → WWWW + WWττ + ττττ 

Table from arXiv:2510.07527 submitted to ROPP

References:
bbbb resolved (Phys. Rev. Lett. 129, 081802 (2022))
bbbb boosted (Phys. Rev. Lett. 131, 041803 (2023))
bbττ (Phys. Lett. B 842, 137531 (2023))
bbγγ (JHEP03(2021)257)
bbZZ(4l) (JHEP06(2023)130)
Multilepton: WWWW WWττ ττττ (JHEP07(2023)095)
bbWW (JHEP07(2024)293)
WWγγ (CMS-PAS-HIG-21-014 (2022))
γγττ (CMS-PAS-HIG-22-012 (2024))
HH combination (arXiv:2510.07527 submitted to ROPP)
H+HH combination (Phys. Lett. B 861, 139210 (2024))

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-011/index.html
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 ~20% acceptance for the first Higgs to 
have high pT > 250 GeV

Requiring first Higgs pT>250 GeV,
large acceptance (75%) for having a second 
boosted Higgs

7

• HH→4b decay channel has largest branching ratio (34%)

• 1.5k HH→4b events produced in Run 2 

• 15% HH→4b events with two boosted Higgs (Anti-kT 
algorithm with R=0.8 (AK8) jets, pT > 250 GeV) 

• Among the first analyses to use ParticleNet GNN 
algorithm to discriminate between H → bb and QCD-
induced jets

Requiring the first Higgs 
pT>250 GeV

Phys. Rev. Lett. 131, 041803
Search for HH using boosted Higgs bosons in HH → bbbb channel

https://arxiv.org/abs/1606.02266
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
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ParticleNet Jet tagger for AK8 jets
ParticleNet: A multi-class jet classifier for top,

Higgs, W or Z tagging for large radius jets

● low-level jet information (PF objects, 
secondary

vertices from b-quark decays etc.) as inputs

● Dynamic Graph Convolutional Neural 
Networks

(DGCNN) as ML architecture, details in Phys.

Rev. D 101, 056019

Mass decorrelated ParticleNet-MD:

Background efficiency of ~0.1% for signal 
efficiency of 50%

● Compare to DeepAK8-MD, background

rejection improved by a factor of ~2 per jet

• PRD 101, 056019 (Huilin Qu & Loukas Gouskos)
• CMS Collaboration, Identification of highly Lorentz- boosted heavy particles using graph neural networks 

and new mass decorrelation techniques, CMS Detector Performance Note Report CMS-DP-2020-002 
(Congqiao Li and Huilin Qu are key authors)

• Calibration of the mass-decorrelated ParticleNet tagger for boosted bb and cc jets using LHC Run 2 data, 
CMS Detector Performance Note Report CMS-DP-2022-005 (Congqiao Li and Huilin Qu are key authors)

ParticleNet output scores: X→bb, 
X→cc, X→light quarks,QCD jets

• In this di-Higgs search: 
discriminate X→bb vs QCD jets:

• The discriminant (called Txbb or 
Dbb) is calibrated using data and 
simulated samples dominated 
by QCD multijet events
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Trigger: 


A combination of several trigger algorithms, all requiring the total hadronic transverse energy (HT) or jet pT to 
be above a given threshold. A minimum triggering threshold on the jet mass is also imposed


Trigger efficiency: 10% to 95% for jets with pT from 300 to 450 GeV, fully efficient for jets with pT > 500 GeV


Two complementary analyses targeting ggF and VBF HH events: 


based on the characteristic VBF signature of two additional small-radius jets (anti-kT algorithm with R=0.4) in 
opposite forward regions: m(jj) > 500 GeV, Δ𝜂 (jj) > 4.0 


ggF analysis: sensitive to SM HH production cross section and Higgs self-coupling


VBF analysis: sensitive for HHVV coupling

Search for HH using boosted Higgs bosons in HH → bbbb channel
Phys. Rev. Lett. 131, 041803

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
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 Two highly Lorentz-boosted high-pT Higgs candidate jets：


Ordered by ParticleNet H→bb tagger Txbb


ParticleNet regressed jet mass mreg > 50 GeV for subleading jet


Soft-drop mass mreg > 50 GeV for leading jet


BDT for major background tt and QCD rejection


Main backgrounds estimation: 


tt+jets: simulation with corrections derived in data control regions


QCD: parametric fit to data in control region
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Phys. Rev. Lett. 131, 041803

Search for HH using boosted Higgs bosons in HH → bbbb channel

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
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▸ Observed (expected) upper limit at 95% CL on HH cross section: 9.9 (5.1) ⨉ SM, by ggF analysis

▸ κ2V=0 excluded at 6.3σ, assuming other Higgs couplings to be SM values, by VBF analysis
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Theory
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Phys. Rev. Lett. 131, 041803

Search for HH using boosted Higgs bosons in HH → bbbb channel

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
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HH combination Run 2

combined VHH4b, 
boosted and resolved 

4b analyses

arXiv:2510.07527 submitted to ROPP

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-011/index.html
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HH combination Run 2

Observed Expected

arXiv:2510.07527 submitted to ROPP

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-011/index.html
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HH combination Run 2

Observed Observed and Expected

arXiv:2510.07527 submitted to ROPP

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-011/index.html
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HH combination Run 2
arXiv:2510.07527 submitted to ROPP

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-011/index.html
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HH combination Run 2： HEFT

16

Combined

arXiv:2510.07527 submitted to ROPP

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-011/index.html
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Preliminary result: HH→bbγγ search 2022 + 2023 Run 3 data
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Analysis strategy: 

 Two isolated photons

 Two AK4 jets with highest ParticleNet b-tagging 
score


 Regression to improve the mass resolution of 
the reconstructed m(Hbb) developed on top of 
the ParticleNet b-jet pT  regression (10-20% 
improvement on m(Hbb) resolution


 One AK8 jet with highest ParticleNet Hbb score 

 Dedicated classifiers to reject diphoton and ttH 
backgrounds

m(γγ) 1D or m(γγ) x m(bb) 2D fit strategies

CMS-PAS-HIG-25-007

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
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Preliminary result: HH→bbγγ search 2022 + 2023 Run 3 data

CMS-PAS-HIG-25-007

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
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Preliminary result: HH→bbγγ search 2022 + 2023 Run 3 data
CMS-PAS-HIG-25-007

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
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Machine learning to improve b-tagging and jet energy regression, HLT trigger
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Outlook for Run 3

CMS Collaboration, A unified approach for jet tagging 
in Run 3 at  √s =13.6 TeV in CMS CMS DP-2024/066

CMS Collaboration, Novel strategy targeting HH and HHH 
production at High Level Trigger in Run 3 CMS DP-2023/050

https://cds.cern.ch/record/2904702
https://cds.cern.ch/record/2868787/files/DP2023_050.pdf?version=1
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HL-LHC prospect

21

• Systematics uncertainty scenario: 

• Stats only

• S1 scenario: same as Run 2

• S2 scenario: estimated scenario for HL-LHC

S2 scenario: 

• κλ [0.5,1.6] @3000 fb-1, [0.4,1.8] @2000 fb-1 

• HH signal significance 4.2σ @3000 fb-1, 3.5σ@2000 fb-1

• CMS and ATLAS combination would achieve observation at HL-LHC 

arXiv:2510.07527 submitted to ROPP

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-011/index.html
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Summary

 The Discovery of the Higgs boson and the study of its properties have expanded our 
vision of particle physics 

 The shape of the Higgs potential needs to be verified 

 CMS Run 2 HH combination: observed (expected) upper limit at 95% CL on HH cross 
section: 3.5 (2.5) ⨉ SM 

 Opportunities with CMS Run 3 data: 

 First preliminary result in HH→bbγγ channel on CMS 2022 + 2023 data 

 Many more analyses to come with new HLT triggers, Transformer Algorithm AK4 b jet 
tagging, boosted Higgs tagging, with the potential to significantly improve HH sensitivity 

 ATLAS and CMS combination shall achieve HH observation at HL-LHC 

 Looking forward to LHC Run 3 and beyond



Thank you!
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backup slides
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HH combination Run 2： HEFT

25

arXiv:2510.07527 submitted to ROPP

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-011/index.html
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QCD Background modeling
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data after subtracting the non-QCD backgrounds, agrees well with 
QCD background prediction in the sideband regions
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Run 3 data-taking
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HH→bbγγ search 2022 + 2023 Run 3 data
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discrete profiling method is 
employed to account for 

systematic uncertainty of the 
choice of the family of 

functional forms

CMS-PAS-HIG-25-007

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html

