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Trilinear	coupling Quartic	coupling

qMeasurement of l is a test of the standard model
qCan be measured using hh production



Di-Higgs non-resonant production
qNon-resonant
production

v Negative interference
leads to low cross
section
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Higher	order	term

l

q𝜎 𝑝𝑝 → ℎℎ 89 = 33.45>?.*%
A).4% 𝑠𝑐𝑎𝑙𝑒 ± 3.1%	(𝑃𝐷𝐹)

v (LHC Higgs cross section WG yellow report)

qBSM contribution to non-resonant production:
Composite Higgs, Little Higgs, etc. 
v Can modify the HH vertex



Di-Higgs non-resonant with BSM
contribution
qEFT approach (doi:10.1103/PhysRevD.91.115008)
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Interpreting non-resonant
results

q Connecting 𝑳𝒉𝒉 to observables at the experiments
q Clusters in parameter space with similar Higgs boson kinematics

(doi:10.1007/JHEP04(2016)126)
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EFT	parameters kL kt c2 c1g c2g

SM	values 1 1 0 0 0

J
H
E
P
0
4
(
2
0
1
6
)
1
2
6

Benchmark κλ κt c2 cg c2g
1 7.5 1.0 −1.0 0.0 0.0

2 1.0 1.0 0.5 −0.8 0.6

3 1.0 1.0 −1.5 0.0 −0.8

4 −3.5 1.5 −3.0 0.0 0.0

5 1.0 1.0 0.0 0.8 −1

6 2.4 1.0 0.0 0.2 −0.2

7 5.0 1.0 0.0 0.2 −0.2

8 15.0 1.0 0.0 −1 1

9 1.0 1.0 1.0 −0.6 0.6

10 10.0 1.5 −1.0 0.0 0.0

11 2.4 1.0 0.0 1 −1

12 15.0 1.0 1.0 0.0 0.0

SM 1.0 1.0 0.0 0.0 0.0

Table 1. Parameter values of the twelve benchmarks and the Standard Model point.

The clustering is clearly driven by the mhh variable. The impact of anomalous physics

in | cos θ∗| is expected to be small because all the different operators in our parametrization

are predominantly s-wave (see for example [39]). This is evident in figure 5, where only few

samples exhibit a non-flat structure in | cos θ∗|; these correspond to points of parameter

space where there is a maximal interference between different terms, as in cluster 8. All

spin 2 structures (at the level of D ≤ 6 operators, i.e. to leading approximation) come just

from the box diagram. The study of the γγ bb̄ final state of hh decay is expected to be the

most sensitive probe to local changes in the mhh spectrum; however other decay channels,

such as the WW bb̄ or the bb̄ bb̄ one, could also in principle be sensitive to small shape

variations in different regions of hard sub-process energy, especially when multi-variate

analysis techniques are implemented. With increased statistics of the available data, fine

structures in the kinematics -in particular in the mhh distribution, e.g. in clusters 2, 5, and

8- will become more interesting and may call for a more specific study of the corresponding

regions of parameter space.

In figure 6 we show the distribution of the Higgs boson phT (which is the same for both

Higgs bosons at generator level) and the longitudinal momentum of the Higgs boson with

the highest energy in the laboratory frame, |phz |. Figures 5 and 6 visually confirm that mhh

and | cos θ∗| constitute a robust choice of variables to fully describe the salient features of

the 2 → 2 process. The features shown in figure 6 are more directly connected with exper-

imental selections and acceptance cuts, and to the Higgs boson reconstruction techniques.

In particular, the Higgs boson transverse momentum distributions allow one to gauge how

the different clusters will be affected by baseline selections in the analyses targeting the

corresponding benchmarks. The |phz | variable is highly homogeneous within each cluster,

as a result of the good properties of the clustering performed using the mhh variable.

It is important to point out that the clustering procedure applies no special treatment

to any of the parameter space points; yet one is especially interested in the point corre-
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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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Di-Higgs resonant production
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qResonant production
v BSMs with new
contributions

v KK graviton, radion, heavy
higgs

v Enhanced cross section



Explored final states
qbbbb:

v Resolved
v Boosted

qbbWW
qbbtt

v Resolved
v Boosted – Lisa’s talk

qbbgg
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HH->4b resonant
qLow mass range: 260-1200 GeV
qHigh mass range: 750-3000 GeV
qH->bb mass resolution improved using a regression
technique applied to the b jets.
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HIG-17-009
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HH->4b resonant
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HIG-17-009

qSignal modelled using a sum of two Gaussians or
Gaussian+exponential tails using MC simulations

qBackground uses parametric fits derived from sideband
regions in the mH mass spectrum.
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HH->4b resonant
qHigh mass range: 750-3000 GeV
qH->bb have a large transverse momentum w.r.t. the Higgs
boson mass

qH->bb decay reconstructed using a fat jet (AK8)

q Jet substructure and double-b tagging applied to jets
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HH->4b resonant
qSearch performed as “bump hunt” over all falling
background

v Estimated using sidebands only (750 < MX < 1200 GeV)
v Estimated using a combined fit of sidebands and signal regions

(MX > 1200 GeV)
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HH->bbbb resonant
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HH->bbgg resonant
qSmall BR (0.26%) but clean
signature

q2 photons+2 b-tagged jets
(triggering using 2 photons)

qResonant	mass	
q𝑀no = 𝑀 𝑗𝑗𝛾𝛾 −𝑀 𝑗𝑗 −
𝑀 𝛾𝛾 + 250

qMVA categorization
qSignal searched for using a
parametric fit to M(jj) and M(gg)
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HIG-17-008
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HH->bbgg resonant

qLimits computed on the cross section of bulk gravitons and
radions in the warped extradimensional models
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HH->bbgg non-resonant

qCross section observed (expected) upper limits are at 30(25) 
times SM.

qμHH < 19.2 (observed) and < 16.5 (expected).

qLimits also set for the BSM models varying kL parameter.
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HH->bbtt
q >= 1 hadronic tau decay th
qResolved H decay: 1 or 2 b jet
qBoosted H decay: Fat jet (AK8) with subjets matched to AK4 jets
qMVA discriminator for tµth/ teth to reject ttjets
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Stransverse mass	MT2
for	non-resonant
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HH->bbtt resonant

qBSM interpretation using radions and bulk gravitons
qAlso interpreted as limits in the NMSSM parameter space
in the low tanb range.
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NMSSM	Interpretaton
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HH->bbtt non-resonant

qNon-resonant HH cross section limit at 30 times SM.

qCross section limits also set for different benchmarks for
the Higgs boson coupling.
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HH->bbVV
qDilepton triggers
qEvent categories: e+e- , μ+μ- , e±μ-

q12 < mll < mZ -15 GeV: Reject
quarkonia and Z->ll

q  2 b-tagged jets
qBDT to reject Z(bb/ cc)H
production

q3 mjj categories
qDeep neural network training is
used to improve signal-
background separation. 
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arXiv:1708.04188
HIG-17-006
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HH->bbVV resonant
interpretation

qLimits set on spin-0 radion and spin-2 bulk graviton
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arXiv:1708.04188
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HH->bbVV non-resonant
interpretation

qNon-resonant HH cross section limit at 79 times SM.
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arXiv:1708.04188
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Summary of resonant searches
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG

Preliminary Preliminary

 [GeV]Xm
300 400 500 1000 2000 3000 4000

H
H

) [
fb

]
→X

→
(p

p
σ

 9
5%

 C
L 

lim
it 

on
 

10

210

310

410

35.9 fb-1 (13 TeV)CMS Preliminary

Spin-0

bbVV arXiv:1708.04188

bb!! arXiv:1707.02909

bb!! PAS-B2G-17-006

bbbb PAS-HIG-17-009
bbbb arXiv:1710.04960
bb"" PAS-HIG-17-008

Expected

Observed

Spin-0

 [GeV]Xm
300 400 500 1000 2000 3000 4000

H
H

) [
fb

]
→X

→
(p

p
σ

 9
5%

 C
L 

lim
it 

on
 

10

210

310

410

Spin-2

Spin-235.9 fb-1 (13 TeV)

bbVV arXiv:1708.04188

bb!! arXiv:1707.02909

bb!! PAS-B2G-17-006

bbbb PAS-HIG-17-009
bbbb arXiv:1710.04960
bb"" PAS-HIG-17-008

Expected

Observed

CMS Preliminary



Summary of non-resonant
searches

qUsing the EFT approach with
12 benchmark points
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Shape benchmark
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 (arXiv:1707.02909)ττbb
Observed 68% expected
Median expected 95% expected

 (HIG-17-008)γγbb
Observed 68% expected
Median expected 95% expected

 (13 TeV)-135.9 fb

branching fractions
Assumes SM Higgs

PreliminaryCMS 

Final	state s/sSM
Obs (Exp)	at	95%	CL

Lumi
(fb-1)

bbgg 19.2	(16.5) 35.9

bbtt 30	(25) 35.9

bbWW 79	(89) 35.9

bbbb 342	(308) 2.3



Summary
qCMS searches for HH production presented
qSeveral analyses broken up by

v Decay channels: bbtt, bbgg, bbWW, bbbb
v HH mass range: Low mass, high mass

qAll results consistent with SM backgrounds so far
v Upper limits on resonance cross sections, anomalous couplings

qCombination in progress using all measurements done up
to now

qAnalyses under way using new data.
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BACKUP
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q http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-006/index.html
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v Res high mass bbbb 13 TeV 35.9 fb-1
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HH->bbbb non-res
q2015 analysis. Work in progress
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HIG-16-026

Category Observed Expected �2s �1s +1s +2s
[fb]

SM H(bb)H(bb) 3880 3490 2140 2540 5350 8350



Jets
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Jets
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Δ𝑅 = 𝑦1	 − 𝑦2 2 + 𝜙1	 − 𝜙2 2� 	

ΔR ≈
2𝑀
𝑝T

q Boosted SM particles can be reconstructed as a single jet.
v Intrinsic jet mass
v Internal substructure
v Flavour content



Search toolbox: tagging
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Figure 5. Diagram illustrating the pruning procedure.

• At each recombination step of constituents j
1

and j
2

(where pj1
T

> pj2
T

), either

pj2
T

/pj1+j2

T

> z
cut

or �R
j1,j2 < R

cut

⇥ (2mjet/pjet
T

) must be satisfied. Here, z
cut

and R
cut

are parameters of the algorithm which are studied in this paper.

• j
2

with j
1

are merged if one or both of the above criteria are met, otherwise, j
2

is

discarded and the algorithm continues.

The pruning procedure is illustrated in figure 5. Six configurations, given in table 1,

based on combinations of z
cut

and R
cut

are studied here. This set of parameters also

represents a relatively wide range of possible configurations.

Jet finding algorithms used Grooming algorithm Configurations considered

C/A Mass-Drop Filtering µ
frac

= 0.20, 0.33, 0.67

Anti-k
t

and C/A Trimming
f
cut

= 0.01, 0.03, 0.05

R
sub

= 0.2, 0.3

Anti-k
t

and C/A Pruning
R

cut

= 0.1, 0.2, 0.3

z
cut

= 0.05, 0.1

C/A HEPTopTagger (see table 2)

Table 1. Summary of the grooming configurations considered in this study. Values in boldface are
optimized configurations reported in ref. [4] and ref. [7] for filtering and trimming, respectively.

1.2.4 HEPTopTagger

The HEPTopTagger algorithm [26] is designed to identify a top quark with a hadronically

decaying W boson daughter over a large multi-jet background. The method uses the C/A

jet algorithm and a variant of the mass-drop filtering technique described in section 1.2.3 in

order to exploit information about the recombination history of the jet. This information

– 12 –

q N-subjettiness 𝜏𝑁 =
+
}~
∑ 𝑝T, 𝑘min{Δ𝑅1, 𝑘, Δ𝑅2, 𝑘, … , Δ𝑅𝑁, 𝑘}
�
�

v t2/t1 for	W/Z/	Higgs	tagging
v t3/t2 for	top	tagging

Jets

qSoft drop: ���	(���,��1)
���A��1

> 𝑧���
���1
�

𝛽

vAngular exponent parameter b = 0 
Soft radiation parameter zcut = 0.1

qPruning:
vDR(j1, j2) > 0.5/

��
	

vzcut = pTj2/(pTj1 + pTj2) 

>  0.1

Merged	
“fat”	jet ΔR ≈

2𝑀
𝑝T

W/Z/H

Modified mass 
drop



B-tagging in boosted topologies
q Double b-tagging:

v Holistically tag jets with two B hadrons.
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H

b

b

𝐵𝑅 H → bb� = 58%

Higgs jets

Fully hadronic decay exploited

Branching ratio advantage

q Uses track and 
secondary vertex info.

q Commissioned using 
AK8 jets tagged with 
two soft muons: 
Enriched in gluon -> bb

CMS-PAS-BTV-15-002



Boosted b-tagger performances
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Aim is to distinguish signal (H -> bb) from multijet background.
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