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HH and the Higgs boson self-coupling

■ Scalar potential shape 

□  : test of the SM validity

□ unique access to BSM physics effects

λ SM= m2
H/(2v2) ≈ 0.13

2

v / √2

*

λ
g�

g
*

gmin

1

0
4π

λ = √gmin g*
─

λ = gmin

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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A milestone in the exploration 
of the scalar sector

Higgs boson 
pair production

⟹ scalar sector properties  
⟹ self-coupling strength
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HH production modes
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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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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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■ A sensitivity of ~10 x SM is set by each experiment with the 2016 dataset

□ corresponds to κλ in the range of about [-6, 12]


■ These results clearly show the importance of exploring and combining several final states

5

Previous measurementsPLB 800 (2020) 135103 
PRL 122, 121803 (2019)
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High BR, low S/B : HH→bbbb

6
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■ Events selected with ≥ 3 b jets

□ largely rely on b tag performance, also at HLT


■ Signal combinatorics solved by pairing jets 
as “closest to diagonal”

□ minimal bias of the bkg in the signal region

□ natural definition of signal, control, and 

validation regions based on signal properties


■ Advanced categorization of events

□ ggF - VBF discriminant to define production 

mode categories

□ high and low mHH regions in ggF

□ SM- and BSM-like categories in VBF
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HH→bbbb : the multijet challenge

7

CMS-PAS-HIG-20-005

         Powerful discriminants and data driven estimateOverwhelming multijet background
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■ Background from 3b region

□ 3b→4b transfer function trained 

with BDT reweighting method in 
CR


□ applied to data in the SR(3b) to 
model SR(4b)


□ accurate method validation in 
signal-free VR


■ Powerful multivariate 
discriminant to separate 
background from signal in ggF

Leverage on ML techniques to 
boost the analysis performance
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A HH→bbbb event with 
high S/B selected in the 
2016 dataset
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HH→bbbb : resultsCMS-PAS-HIG-20-005
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 Best constraint to date on SM HH
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■ Several final states

□ μτh, eτh, τhτh: 88% of the total 

decays


■ Incomplete reconstruction

□ use likelihood-based 

algorithms to estimate m𝜏𝜏


■ Several background 
processes

□ tt (irreducible): from MC

□ Z+HF: MC + data-driven 

normalization in ee/μμ+jets CR

□ misidentified jet→τh bkg. from 

data

10

Medium BR, medium S/B : HH→bb𝜏𝜏ATLAS-CONF-2021-030

Challenging decay channelbb 𝜏h𝜏h bb μ𝜏h
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■ Use the rich 
kinematic event 
information to 
separate signal from 
bkg with a BDT/NN

□ inputs: masses, 

momenta and angles 
between objects


■ Fit the BDT/NN 
output


■ Results dominated 
by the statistical 
uncertainty

□ leading systematic: 

bkg. modelling

11

HH→bb𝜏𝜏 : looking for the signalATLAS-CONF-2021-030
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Observed (expected) 95% CL UL:  4.7 (3.9) ⨉ SM

ℓ𝜏h cat.𝜏h𝜏h cat.

No results yet on κλ constraints and on separate ggF/VBF measurements
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Low BR, high S/B : HH → bb𝛾𝛾

■ Dedicated MVAs for background suppression

□ CMS: feep NN against ttH + BDT against nonresonant 

𝛾(𝛾) + jet (uses object kinematics, ID, resolution)


□ ATLAS: single bkg. discriminant


■ Event classification based on the MVA purity and 
the HH invariant mass

□ CMS: 3 MVA categories ⨉ 4 mHH categories 

□ ATLAS: 2 MVA categories ⨉ 2 mHH categories

□ additional VBF-specific categories and results by CMS


■ mbb resolution improved with multivariate 
regression

12

ATLAS-CONF-2021-016
JHEP 03 (2021) 257
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bb𝛾𝛾 : signal extraction

13

ATLAS-CONF-2021-016
JHEP 03 (2021) 257
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Important contribution from single H

■ Signal searched as 
an excess in the m𝛾𝛾 
spectrum

□ CMS: 2D fit over m𝛾𝛾 

and mbb

□ simultaneous fit 

over all analysis 
categories


■ Results fully 
dominated by the 
statistical error 
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bb𝛾𝛾 : resultsATLAS-CONF-2021-016
JHEP 03 (2021) 257

Obs. (exp.) 7.7 (5.2) ⨉ σSM (HH)

Observed: 
Expected:

-3.3 < κλ < 8.5 
-2.5 < κλ < 8.2

Observed: 
Expected:

-1.5 < κλ < 6.7 
-2.4 < κλ < 7.7

Combined 
constraint from 
ggF and VBF 
categories (in 
CMS) 

Sensitivity to κλ 
driven by ggF 
production

Obs. (exp.) 4.1 (5.5) ⨉ σSM (HH)

13. Results 19
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Figure 10: Expected and observed 95% CL upper limits on the product of the HH production
cross section and B(HH ! ggbb) obtained for different values of kl assuming kt = 1. The
green and yellow bands represent, respectively, the one and two standard deviation extensions
beyond the expected limit. The red line shows the theoretical prediction.

categories help to remove the degeneracy in the global minimum.
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Figure 11: Negative log-likelihood as a function of kl evaluated with an Asimov data set as-
suming the SM hypothesis (left) and the observed data (right) are shown. The 68 and 98% CL
intervals are shown with the dashed gray lines. The two curves are shown for the HH (blue)
and HH + ttH (orange) analysis categories. All other couplings are set to their SM values.

The HH and single Higgs boson production cross sections depend not only on kl, but also on
kt . To better constrain the kl and kt coupling modifiers, a 2D negative log-likelihood scan in the
(kl, kt ) plane is performed, taking into account the modification of the production cross sections
and B(H ! bb), B(H ! gg) for anomalous (kl, kt ) values [23]. The modification of the single
H production cross section for anomalous kl is modeled at NLO, while the dependence on kt
is parametrized at LO only, neglecting NLO effects. This approximation holds as long as the
value of |kt | is close to unity, roughly in the range 0.7 < kt < 1.3. The parametric model is not
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HH → bbWW
■ Fully leptonic WW→𝓁𝜈𝓁𝜈 final state


■ Irreducible ttbar background suppressed with ML methods

□ kinematic inputs: mass, pT, angles, multiplicities, energy sums


■ Counting experiment at high NN score
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SR-DF regions using the predicted and observed event counts in each region as inputs. The Top and
Z/�⇤+ HF normalisation corrections are also extracted from this fit and are found to di�er negligibly from
those presented in Table 3. All sources of systematic and statistical uncertainty in the signal and background
models are implemented as deviations from the nominal model, scaled by nuisance parameters that are
profiled in the fit. The p-value corresponding to the background-only hypothesis, giving the probability
that the data in the signal regions be at least as incompatible with the background-only hypothesis as that
observed in SR-SF and SR-DF, is p0 = 0.15 and corresponds to 1.05� significance. Distributions of mbb,
m`` , and dHH after performing background-only fits to data in the control regions and applying the Top
and Z/�⇤+ HF normalisation corrections are shown in Figure 3. The signal selection criteria are imposed
on all observables shown in Figure 3 apart from the one being plotted, except that the dHH requirement for
the mbb and m`` distributions is relaxed to dHH > 5. No significant excess of events over the expected
SM background is observed and upper limits are set on non-resonant Higgs boson pair production at 95%
confidence level (CL) using the CLs method [132]. Table 5 presents these upper limits and comparisons
with the SM prediction. The observed (expected) limit at 95% CL is 1.2 (0.9) pb, corresponding to 40 (29)
times the SM prediction.
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Figure 3: Distributions of mbb (left), m`` (middle), and the discriminant dHH (right). The distributions are shown
after the fit to data in the control regions under the background-only hypothesis. Each distribution includes both the
SF and DF events and imposes signal selection requirements on all quantities except the one being plotted, but the
requirement on dHH has been relaxed to dHH > 5 for the distributions of mbb and m`` . The HH ! bb`⌫`⌫ signal
(“HH”) is overlaid and has its cross-section scaled by a factor of 20 relative to the SM prediction for visualisation
purposes. The ratio of the data to the sum of the backgrounds is shown in the lower panel of each figure. The hatched
bands indicate the combined statistical and systematic uncertainty.

Table 5: Observed and expected upper limits on the ggF-initiated non-resonant HH production cross-section at
95% CL and their ratios to the SM prediction (�SM(gg ! HH) = 31.05 ± 1.90 fb [13–20]). The ±1� and ±2�
variations about the expected limit are also shown. Uncertainties in the SM cross-section are taken into account
when computing the upper limits on the cross-section ratio.

�2� �1� Expected +1� +2� Observed
� (gg ! HH) [pb] 0.5 0.6 0.9 1.3 1.9 1.2
� (gg ! HH) /�SM (gg ! HH) 14 20 29 43 62 40
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HH → bbZZ (4𝓁)

16
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95% CL upper limit: 30 (37) ⨉ SM

Observed: −9 < κλ < 14

■ First study of this final state at the LHC


■ Very rare BR (0.0145%) but very small backgrounds + clean 
signature from the 4𝓁 peak


■ Signal extracted with a BDT

□ uses pT, angles, inv. masses, b tag scores 

Signal region defined 
by the mass peak
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Summary of full Run 2 results

■ Individual channels achieve 5-7 ⨉ SM : sensitivity 
improved much faster than luminosity!

□ more data → more sophisticated analysis methods

17
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Probing the VVHH vertex

18
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Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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ŝ

)

, (5)
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ŝ

)

,

(5)

with
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2

(

1−
2 M
2
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rec
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8].
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rec
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9].
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(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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t̂± = −
ŝ

2

(

1− 2
M2
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ŝ
∓
√

1−
4M2

H

ŝ

)

, (5)

with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,

F# →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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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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CMS
Preliminary

, 13 TeV-1138 fb

High Purity

CMS-PAS-B2G-21-001

Excellent separation at high mHH 
leading to good  S/B ratio

■  

Highly sensitive to anomalous κ2V !

□ O(1) κ2V variation → O(10) xs increase

□ large fraction of anomalous κ2V  signal at high mHH  
→ dedicated search with boosted topologies in bbbb


■ VBF HH(bbbb) : 2 AK8 (large radius) jets + 2 AK4

□ select pT(H) > 400/500 GeV

□ dedicated ParticleNet discriminant Dbb to identify the bb 

candidates

□ 3 purity categories based on Dbb


□ mbb reconstructed with DNN regression and used to 
define SR


𝒜(VLVL → HH) ≃
̂s

v2
(κ2V − κ2

V)

Exploit HH→bbbb at high mHH with dedicated 
boosted analysis methods
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VBF HH at high mHH : resultsCMS-PAS-B2G-21-001
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 (13 TeV)-1138 fb

Observed: 0.6 < κ2V < 1.4 
 

Best sensitivity to SM production from 
resolved CMS analysis : 226 (412) ⨉ SM 

Interplay between κ2V and κV 
 

Combination with single H measurements can 
solve this → we can claim that the VVHH 

interaction exists!

■ Other full 
Run 2 VBF 
results set in 
bb𝛾𝛾 (CMS) 
and bbbb 
(CMS, VBF-
only ATLAS 
analysis)
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A broader BSM pictureJHEP 03 (2021) 257

■ 5D parameter space, 
contact interactions, large 
kinematic modifications

□ probed with representative 

signal shape benchmarks 


■ EFT effects become more 
important as the 
experimental sensitivity 
approaches the SM

22
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Figure 15: Negative log-likelihood contours at 68% and 95% CL in the (kl, c2V) plane evaluated
with an Asimov data set assuming the SM hypothesis (left) and with the observed data (right).
The contours are obtained using the HH analysis categories only. The best fit value (kl = 0.0, c2V

= 0.3) is indicated by a blue circle, and the SM prediction (kl = 1.0, c2V = 1.0) by a black star.

constrained within uncertainties to the one predicted in the SM.

Shape benchmark

1−10

1

10

) (
fb

)
bbγγ

→
 B

R(
HH

gg
F 

HH
σ

PreliminaryCMS  (13 TeV)-1137 fb
95% CL upper limits

Observed
Median expected
68% expected
95% expected

95% CL upper limits
Observed
Median expected
68% expected
95% expected

1 2 3 4 5 6 7 8 9 10 11 12

bbγγ→HH95% CL upper limits
Observed
Median expected
68% expected
95% expected

Figure 16: Expected and observed 95% CL upper limits on the product of the ggF HH produc-
tion cross section and B(HH ! ggbb) obtained for different nonresonant benchmark models
(defined in Table 1). The green and yellow bands represent, respectively, the one and two stan-
dard deviation extensions beyond the expected limit.

14 Summary

A search for nonresonant Higgs boson pair production (HH) has been presented, where one
of the Higgs bosons decays to a pair of bottom quarks and the other to a pair of photons.
This search uses proton-proton collision data collected at

p
s = 13 TeV by the CMS experiment

at the LHC, corresponding to a total integrated luminosity of 137 fb�1. No signal has been
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analyzing their impact on angular di↵erential distributions and shown to be small in our
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important consequences for the experimental searches, that are sensitive to anomalous
⁄HHH couplings through both the total HH production cross section and the kinematic
distribution of HH events.

E�ective field theory

In the previous section ⁄HHH has been treated as a free parameter and allowed to vary from
the SM prediction. This has the advantage to cover multiple BSM scenario from a simple
parametrization of the induced coupling modifications at the TeV scale. Results can be
subsequently reinterpreted in a specific model through a comparison for the predicted
⁄HHH deviations. A generalization of this approach with a rigorous method is provided
by the e�ective field theory (EFT). If the scale of BSM physics is assumed to be beyond
the direct reach of the LHC, we can approximate its e�ects through an addition of higher
order operators to the d Æ 4 SM Lagrangian. These additional operators are suppressed
by powers of a scale �. From a bottom-up perspective, � can be interpreted as the
scale up to which only SM fields propagate, while from a top-down perspective it is the
energy scale of the BSM physics itself. The theory thus obtained is not renormalizable,
but this does not constitute a problem in this context as an EFT only represents the
lower energy manifestation of a more extended (and renormalizable) theory at higher
scales. Considering a universal flavour structure and no CP violation, there is only one
dimension–5 operator that has the e�ect of introducing neutrino masses m‹ Ã v

2
/�2. It

can be neglected in this context, so that dimension–6 operators are relevant and the EFT
Lagrangian can be written as:

L = LSM +
ÿ

i

ci

�2 O
6
i + · · · (1.45)

and the BSM physics is fully parametrized in terms of the Wilson coe�cients ci. Once
the EFT defined, any UV-complete BSM model can be matched to it, i.e. reduced to
its lower scale manifestation to derive an expression of the ci coe�cients in terms of the
fundamental model parameters. From an experimental point of view, Eq. (1.45) provides
a generic parametrization to investigate several BSM signatures with a model-independent
approach.

In the context of HH production, a relevant EFT can be constructed as detailed in
Ref. [58]. Following the procedure in Ref. [21], the EFT Lagrangian can be rewritten in
terms of e�ective Higgs boson couplings to provide a simple physics interpretation of the
e�ects of dimension–6 operators. The relevant terms of the Lagrangian for HH processes
initiated by gluon-fusion are given by:

L
HH = 1

2ˆµHˆ
µ
H ≠

m
2
H

2 H
2

≠ k⁄⁄
SM

vH
3

≠
mt

v

3
v + ktH + c2

v
HH

4
(tLtR + h.c.)

+ –s

12fiv

3
cgH ≠

c2g

2v
HH

4
G

A

µ‹G
A,µ‹

(1.46)

The physical interpretation of this Lagrangian is the presence of anomalous ⁄HHH and
yt couplings and of three BSM contact interactions representing ttHH (c2), ggHH (c2g),
and ggH (cg) vertices. In a linear realization of the EWSB, the relation c2 = ≠cg holds.
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         Need a solid theoretical frameworkHH : key input for a combined Higgs measurement

double-Higgs analyses provides substantial constraints on the � parameters even in this more generic
model. The results for the �-only model and for the more generic model are summarised in Table 2.
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Figure 5: Value of �2 ln⇤ as a function of � with W , Z , t , b , ` profiled (i.e., the generic model) for the data (a)
and the Asimov dataset [50] generated assuming � = 1 with the likelihood distribution ⇤ evaluated with nuisance
parameters fixed to the best-fit values obtained from data and the parameters of interest fixed to the SM hypothesis
(b). The curves are compared to the �-only model (where all m modifiers are set to unity). The intersections of the
dashed horizontal lines, corresponding to �2 ln⇤ = 1 and �2 ln⇤ = 3.84, with the profile likelihood curve are used
to define the ±1� sigma uncertainty on � and the 95% CL interval, respectively.

Table 2: Best-fit values for the -modifiers with ±1� uncertainties for the �-only and generic models. The 95% CL
interval for � is also reported. For each model the upper row corresponds to the observed results, and the lower row
to the expected results obtained using Asimov datasets [50] generated under the SM hypothesis.

Model W+1�
�1� Z+1�

�1� t+1�
�1� b+1�

�1� `+1�
�1� �+1�

�1� � [95% CL]

�-only 1 1 1 1 1
4.6+3.2

�3.8 [�2.3, 10.3] obs.

1.0+7.3
�3.8 [�5.1, 11.2] exp.

Generic
1.03+0.08

�0.08 1.10+0.09
�0.09 1.00+0.12

�0.11 1.03+0.20
�0.18 1.06+0.16

�0.16 5.5+3.5
�5.2 [�3.7, 11.5] obs.

1.00+0.08
�0.08 1.00+0.08

�0.08 1.00+0.12
�0.12 1.00+0.21

�0.19 1.00+0.16
�0.15 1.0+7.6

�4.5 [�6.2, 11.6] exp.

6 Conclusion

The Higgs boson self-coupling modifier � = �HHH/�SMHHH
has been constrained with a combination

of single-Higgs analyses using data collected at
p

s = 13 TeV with an integrated luminosity of up to

10

20

reliable outside of this range. Figure 12 shows the 2D likelihood scans of kl versus kt for an
Asimov data set assuming the SM hypothesis and for the observed data. The regions of the 2D
scan where the kt parametrization for anomalous values of kl at LO is not reliable are shown
with a gray band.

The inclusion of the ttH categories significantly improves the constraint on kt . The 1D negative
log-likelihood scan as a function of kt with kl fixed at kl =1 is shown in Fig. 13 for an Asimov
data set generated assuming the SM hypothesis, kt = 1, as well as for the observed data. The
measured value of kt is kt = 1.3+0.2

�0.2 (kt = 1.0+0.2
�0.2 expected). Values of kt outside the interval

[0.9, 1.9] are excluded at 95% CL.
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Figure 12: Negative log-likelihood contours at 68% and 95% CL in the (kl, kt ) plane evaluated
with an Asimov data set assuming the SM hypothesis (left) and the observed data (right). The
contours obtained using the HH analysis categories only are shown in blue, and in orange
when combined with the ttH categories. The best fit value for the HH categories only (kl =
0.6, kt = 1.2) is indicated by a blue circle, for the HH + ttH categories (kl = 1.4, kt = 1.3) by a
orange diamond, and the SM prediction (kl = 1.0, kt = 1.0) by a black star. The regions of the 2D
scan where the kt parametrization for anomalous values of kl at LO is not reliable are shown
with a gray band.

Upper limits at 95% CL are also set on the product of the HH VBF production cross section and
branching fraction, sVBF HHB(HH ! ggbb), with the yield of the ggF HH signal constrained
within uncertainties to the one predicted in the SM. The observed (expected) 95% CL upper
limit on sVBF HHB(HH ! ggbb) amounts to 1.02 (0.94) fb. The limit corresponds to 225 (208)
times the SM prediction. This is the most stringent constraint on sVBF HHB(HH ! ggbb) to
date.

Limits are also set as a function of c2V , as presented in Fig. 14. The observed excluded region
corresponds to c2V < �1.3 and c2V > 3.5, while the expected exclusion is c2V < �0.9 and
c2V > 3.1. It can be seen in Fig. 14 that this analysis is more sensitive to anomalous values of
c2V than to the region around the SM prediction. This is related to the fact that for anomalous
values of c2V the eMX spectrum is harder, which leads to an increase in the product of signal
acceptance and efficiency as well as a more distinct signal topology.

In the scenario where HH production occurs via the VBF and ggF modes, we set constraints
on the kl and c2V coupling modifiers. A 2D negative log-likelihood scan in the (kl, c2V) plane
is performed using the 14 HH analysis categories. Figure 15 shows 2D likelihood scans for the

HH + ggF H + VBF H + 
VH + ttH (excl ttH(𝛾𝛾) ) 

HH(bb𝛾𝛾) + ttH(𝛾𝛾)
■ Sensitivity to κλ from loop effects


□ total xs and BR depend on κλ

□ information from differential xs

□ note: NLO (H) vs LO (HH) κλ effects


■ ~20% improvement in sensitivity 
to λHHH when adding all single H 
measurements


■ Combination with single H 
reduces degeneracies with κt 

(a)

(b) (c) (d)

Figure 1: Examples of one loop �HHH -dependent diagrams for the Higgs boson self energy (a) and the single Higgs
boson production in the VBF (b), VH (c), and ttH (d) modes. The self-coupling vertex is indicated by the filled
circle.

1 Introduction

After the discovery of the Higgs boson by the ATLAS [1] and CMS [2] experiments, the properties of this
new particle have been probed by the two experiments, testing their compatibility with the prediction of the
Standard Model (SM). During the two runs of data-taking of the Large Hadron Collider (LHC) at CERN, the
Higgs production cross-sections and decay branching ratios in various channels have been measured with
an increasing precision, as well as the Higgs boson couplings with the SM particles [3–5]. Nevertheless
the properties of the Higgs scalar potential, and in particular the Higgs boson self-coupling, are still largely
unconstrained. The most recent constraints on the Higgs boson trilinear self-coupling, �HHH , have been
set in the context of a direct search of double Higgs boson production. Results are reported in terms
of � = �HHH/�SMHHH

, which is the ratio of the Higgs boson self-coupling to its SM expectation. It is
constrained to at 95% confidence level (C.L.) to �5.0 < � < 12.1 [6] and �11.8 < � < 18.8 [7] by
ATLAS and CMS, respectively, using up to 36 fb�1of Run-2 data.

An alternative and complementary approach to study the Higgs boson self-coupling has been proposed in
the Refs. [8–13]. Single Higgs processes do not depend on �HHH at leading order (LO), but the Higgs
trilinear self-coupling contributions need to be taken into account for the calculation of the complete
next-to-leading (NLO) electro-weak (EW) corrections. In particular, �HHH contributes at NLO EW
via Higgs self energy loop corrections and additional diagrams, as shown by the examples in Figure 1.
Therefore, an indirect constraint on �HHH can be extracted by comparing precise measurements of single
Higgs production yields and the SM predictions corrected for the �HHH -dependent NLO EW e�ects.
Refs. [8, 9] propose a framework for a global fit to constrain the Higgs trilinear coupling, where all the
Higgs boson production and decay channels are modified by parameters:

µi f (�) = µi(�) ⇥ µ f (�) ⌘
�i(�)
�SM,i

⇥
BR f (�)
BRSM, f

, (1)

2
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Figure 3. Left: Projected combined HL-LHC sensitivity to Higgs trilinear coupling from direct search channels. Right:
sensitivity to BSM Higgs bosons, in the H/A ! tt channel. From Ref. [2].

self-coupling l , ATLAS and CMS project a sensitivity to the HH signal of approximately 3 s.d. per experiment, leading to
a combined observation sensitivity of 4 s.d. These analyses, which make use also of the HH mass spectrum shape, result in
the likelihood profile as a function of kl shown in Fig. 3 (left). An important feature of these analyses is the presence of the
secondary minimum in the likelihood lineshape, due to the degeneracy in the total number of HH signal events for different kl
values. We note that at the HL-LHC the secondary minimum can be excluded at 99.4% CL, with a constraint on the Higgs
self-coupling of 0.5 < kl < 1.5 at the 68% CL. The results on HH production studies are statistics limited, therefore a dataset
of at least 6 ab�1 (ATLAS and CMS combined) is essential to achieve this objective.

Higgs studies at HL-LHC will enhance the sensitivity to BSM physics, exploiting indirect probes via precision measurements,
and a multitude of direct search targets, ranging from exotic decays of the 125 GeV Higgs boson (e.g. decays including light
scalars, light dark photons or axion-like particles, and decays to long-lived BSM particles) to the production of new Higgs
bosons, neutral and charged, at masses above or below 125 GeV. As an example, Fig. 3 (right) shows a summary of the MSSM
regions of parameter space that will be probed by ATLAS and CMS. The expected exclusion limit for H/A ! tt is presented
in black-dashed and compared to the present limit (in red and green for ATLAS and CMS, respectively). The HL-LHC will
have access to new Higgs bosons as heavy as 2.5 TeV for tanb > 50. In the figure, we also present the expected bound coming
from Higgs precision coupling measurements which excludes Higgs bosons with masses lower than approximately 1 TeV over
a large range of tanb .

Precision measurements provide an important tool to search for BSM physics associated to mass scales beyond the LHC
direct reach. The EFT framework, where the SM Lagrangian is supplemented with dimension-6 operators Âi ciO

(6)
i

/L2, allows
one to systematically parametrise BSM effects and how they modify SM processes. Figure 2 (right) shows the results of a global
fit to observables in Higgs physics, as well as diboson and Drell-Yan processes at high energy. The fit includes all operators
generated by new physics that only couples to SM bosons. These operators can either modify SM amplitudes, or generate new
amplitudes. In the former case, the best LHC probes are, for example, precision measurements of Higgs branching ratios. In the
case of the operator OH , for example, the constraints in Fig. 2 (right) translate into a sensitivity to the Higgs compositeness
scale f > 1.6 TeV, corresponding to a new physics mass scale of 20 TeV for an underlying strongly coupled theory. The effects
associated with some new amplitudes grow quadratically with the energy. For example, Drell-Yan production at large mass can
access, via the operators O2W,2B, energy scales of order 12 TeV (Fig. 2).

2.1 Production of multiple EW gauge bosons
The measurement of production of pairs or triplets of EW gauge boson will be of great importance to test the mechanism of EW
symmetry breaking, since it can signal the presence of anomalous EW couplings, and of new physics at energy scales beyond
the reach of direct resonance production. First observations of EW multiboson interactions have recently been achieved in
vector boson scattering (VBS) of WW and WZ and we expect a fuller picture to be accessible at HL-LHC, by statistics, but also
through improved detector instrumentation and acceptance in the forward direction. Table 1 summarizes the expected SM yields,
quoting the expected precision and significance for several HL-LHC measurements. In particular, the extraction of individual
polarization contributions to same-sign WW scattering will yield a > 3 s.d. evidence for WLWL production, combining ATLAS
and CMS results.
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Figure 3. Left: Projected combined HL-LHC sensitivity to Higgs trilinear coupling from direct search channels. Right:
sensitivity to BSM Higgs bosons, in the H/A ! tt channel. From Ref. [2].

self-coupling l , ATLAS and CMS project a sensitivity to the HH signal of approximately 3 s.d. per experiment, leading to
a combined observation sensitivity of 4 s.d. These analyses, which make use also of the HH mass spectrum shape, result in
the likelihood profile as a function of kl shown in Fig. 3 (left). An important feature of these analyses is the presence of the
secondary minimum in the likelihood lineshape, due to the degeneracy in the total number of HH signal events for different kl
values. We note that at the HL-LHC the secondary minimum can be excluded at 99.4% CL, with a constraint on the Higgs
self-coupling of 0.5 < kl < 1.5 at the 68% CL. The results on HH production studies are statistics limited, therefore a dataset
of at least 6 ab�1 (ATLAS and CMS combined) is essential to achieve this objective.

Higgs studies at HL-LHC will enhance the sensitivity to BSM physics, exploiting indirect probes via precision measurements,
and a multitude of direct search targets, ranging from exotic decays of the 125 GeV Higgs boson (e.g. decays including light
scalars, light dark photons or axion-like particles, and decays to long-lived BSM particles) to the production of new Higgs
bosons, neutral and charged, at masses above or below 125 GeV. As an example, Fig. 3 (right) shows a summary of the MSSM
regions of parameter space that will be probed by ATLAS and CMS. The expected exclusion limit for H/A ! tt is presented
in black-dashed and compared to the present limit (in red and green for ATLAS and CMS, respectively). The HL-LHC will
have access to new Higgs bosons as heavy as 2.5 TeV for tanb > 50. In the figure, we also present the expected bound coming
from Higgs precision coupling measurements which excludes Higgs bosons with masses lower than approximately 1 TeV over
a large range of tanb .

Precision measurements provide an important tool to search for BSM physics associated to mass scales beyond the LHC
direct reach. The EFT framework, where the SM Lagrangian is supplemented with dimension-6 operators Âi ciO

(6)
i

/L2, allows
one to systematically parametrise BSM effects and how they modify SM processes. Figure 2 (right) shows the results of a global
fit to observables in Higgs physics, as well as diboson and Drell-Yan processes at high energy. The fit includes all operators
generated by new physics that only couples to SM bosons. These operators can either modify SM amplitudes, or generate new
amplitudes. In the former case, the best LHC probes are, for example, precision measurements of Higgs branching ratios. In the
case of the operator OH , for example, the constraints in Fig. 2 (right) translate into a sensitivity to the Higgs compositeness
scale f > 1.6 TeV, corresponding to a new physics mass scale of 20 TeV for an underlying strongly coupled theory. The effects
associated with some new amplitudes grow quadratically with the energy. For example, Drell-Yan production at large mass can
access, via the operators O2W,2B, energy scales of order 12 TeV (Fig. 2).

2.1 Production of multiple EW gauge bosons
The measurement of production of pairs or triplets of EW gauge boson will be of great importance to test the mechanism of EW
symmetry breaking, since it can signal the presence of anomalous EW couplings, and of new physics at energy scales beyond
the reach of direct resonance production. First observations of EW multiboson interactions have recently been achieved in
vector boson scattering (VBS) of WW and WZ and we expect a fuller picture to be accessible at HL-LHC, by statistics, but also
through improved detector instrumentation and acceptance in the forward direction. Table 1 summarizes the expected SM yields,
quoting the expected precision and significance for several HL-LHC measurements. In particular, the extraction of individual
polarization contributions to same-sign WW scattering will yield a > 3 s.d. evidence for WLWL production, combining ATLAS
and CMS results.
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Figure 3. Left: Projected combined HL-LHC sensitivity to Higgs trilinear coupling from direct search channels. Right:
sensitivity to BSM Higgs bosons, in the H/A ! tt channel. From Ref. [2].

self-coupling l , ATLAS and CMS project a sensitivity to the HH signal of approximately 3 s.d. per experiment, leading to
a combined observation sensitivity of 4 s.d. These analyses, which make use also of the HH mass spectrum shape, result in
the likelihood profile as a function of kl shown in Fig. 3 (left). An important feature of these analyses is the presence of the
secondary minimum in the likelihood lineshape, due to the degeneracy in the total number of HH signal events for different kl
values. We note that at the HL-LHC the secondary minimum can be excluded at 99.4% CL, with a constraint on the Higgs
self-coupling of 0.5 < kl < 1.5 at the 68% CL. The results on HH production studies are statistics limited, therefore a dataset
of at least 6 ab�1 (ATLAS and CMS combined) is essential to achieve this objective.

Higgs studies at HL-LHC will enhance the sensitivity to BSM physics, exploiting indirect probes via precision measurements,
and a multitude of direct search targets, ranging from exotic decays of the 125 GeV Higgs boson (e.g. decays including light
scalars, light dark photons or axion-like particles, and decays to long-lived BSM particles) to the production of new Higgs
bosons, neutral and charged, at masses above or below 125 GeV. As an example, Fig. 3 (right) shows a summary of the MSSM
regions of parameter space that will be probed by ATLAS and CMS. The expected exclusion limit for H/A ! tt is presented
in black-dashed and compared to the present limit (in red and green for ATLAS and CMS, respectively). The HL-LHC will
have access to new Higgs bosons as heavy as 2.5 TeV for tanb > 50. In the figure, we also present the expected bound coming
from Higgs precision coupling measurements which excludes Higgs bosons with masses lower than approximately 1 TeV over
a large range of tanb .

Precision measurements provide an important tool to search for BSM physics associated to mass scales beyond the LHC
direct reach. The EFT framework, where the SM Lagrangian is supplemented with dimension-6 operators Âi ciO

(6)
i

/L2, allows
one to systematically parametrise BSM effects and how they modify SM processes. Figure 2 (right) shows the results of a global
fit to observables in Higgs physics, as well as diboson and Drell-Yan processes at high energy. The fit includes all operators
generated by new physics that only couples to SM bosons. These operators can either modify SM amplitudes, or generate new
amplitudes. In the former case, the best LHC probes are, for example, precision measurements of Higgs branching ratios. In the
case of the operator OH , for example, the constraints in Fig. 2 (right) translate into a sensitivity to the Higgs compositeness
scale f > 1.6 TeV, corresponding to a new physics mass scale of 20 TeV for an underlying strongly coupled theory. The effects
associated with some new amplitudes grow quadratically with the energy. For example, Drell-Yan production at large mass can
access, via the operators O2W,2B, energy scales of order 12 TeV (Fig. 2).

2.1 Production of multiple EW gauge bosons
The measurement of production of pairs or triplets of EW gauge boson will be of great importance to test the mechanism of EW
symmetry breaking, since it can signal the presence of anomalous EW couplings, and of new physics at energy scales beyond
the reach of direct resonance production. First observations of EW multiboson interactions have recently been achieved in
vector boson scattering (VBS) of WW and WZ and we expect a fuller picture to be accessible at HL-LHC, by statistics, but also
through improved detector instrumentation and acceptance in the forward direction. Table 1 summarizes the expected SM yields,
quoting the expected precision and significance for several HL-LHC measurements. In particular, the extraction of individual
polarization contributions to same-sign WW scattering will yield a > 3 s.d. evidence for WLWL production, combining ATLAS
and CMS results.
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Figure 3. Left: Projected combined HL-LHC sensitivity to Higgs trilinear coupling from direct search channels. Right:
sensitivity to BSM Higgs bosons, in the H/A ! tt channel. From Ref. [2].

self-coupling l , ATLAS and CMS project a sensitivity to the HH signal of approximately 3 s.d. per experiment, leading to
a combined observation sensitivity of 4 s.d. These analyses, which make use also of the HH mass spectrum shape, result in
the likelihood profile as a function of kl shown in Fig. 3 (left). An important feature of these analyses is the presence of the
secondary minimum in the likelihood lineshape, due to the degeneracy in the total number of HH signal events for different kl
values. We note that at the HL-LHC the secondary minimum can be excluded at 99.4% CL, with a constraint on the Higgs
self-coupling of 0.5 < kl < 1.5 at the 68% CL. The results on HH production studies are statistics limited, therefore a dataset
of at least 6 ab�1 (ATLAS and CMS combined) is essential to achieve this objective.

Higgs studies at HL-LHC will enhance the sensitivity to BSM physics, exploiting indirect probes via precision measurements,
and a multitude of direct search targets, ranging from exotic decays of the 125 GeV Higgs boson (e.g. decays including light
scalars, light dark photons or axion-like particles, and decays to long-lived BSM particles) to the production of new Higgs
bosons, neutral and charged, at masses above or below 125 GeV. As an example, Fig. 3 (right) shows a summary of the MSSM
regions of parameter space that will be probed by ATLAS and CMS. The expected exclusion limit for H/A ! tt is presented
in black-dashed and compared to the present limit (in red and green for ATLAS and CMS, respectively). The HL-LHC will
have access to new Higgs bosons as heavy as 2.5 TeV for tanb > 50. In the figure, we also present the expected bound coming
from Higgs precision coupling measurements which excludes Higgs bosons with masses lower than approximately 1 TeV over
a large range of tanb .

Precision measurements provide an important tool to search for BSM physics associated to mass scales beyond the LHC
direct reach. The EFT framework, where the SM Lagrangian is supplemented with dimension-6 operators Âi ciO

(6)
i

/L2, allows
one to systematically parametrise BSM effects and how they modify SM processes. Figure 2 (right) shows the results of a global
fit to observables in Higgs physics, as well as diboson and Drell-Yan processes at high energy. The fit includes all operators
generated by new physics that only couples to SM bosons. These operators can either modify SM amplitudes, or generate new
amplitudes. In the former case, the best LHC probes are, for example, precision measurements of Higgs branching ratios. In the
case of the operator OH , for example, the constraints in Fig. 2 (right) translate into a sensitivity to the Higgs compositeness
scale f > 1.6 TeV, corresponding to a new physics mass scale of 20 TeV for an underlying strongly coupled theory. The effects
associated with some new amplitudes grow quadratically with the energy. For example, Drell-Yan production at large mass can
access, via the operators O2W,2B, energy scales of order 12 TeV (Fig. 2).

2.1 Production of multiple EW gauge bosons
The measurement of production of pairs or triplets of EW gauge boson will be of great importance to test the mechanism of EW
symmetry breaking, since it can signal the presence of anomalous EW couplings, and of new physics at energy scales beyond
the reach of direct resonance production. First observations of EW multiboson interactions have recently been achieved in
vector boson scattering (VBS) of WW and WZ and we expect a fuller picture to be accessible at HL-LHC, by statistics, but also
through improved detector instrumentation and acceptance in the forward direction. Table 1 summarizes the expected SM yields,
quoting the expected precision and significance for several HL-LHC measurements. In particular, the extraction of individual
polarization contributions to same-sign WW scattering will yield a > 3 s.d. evidence for WLWL production, combining ATLAS
and CMS results.
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Figure 3. Left: Projected combined HL-LHC sensitivity to Higgs trilinear coupling from direct search channels. Right:
sensitivity to BSM Higgs bosons, in the H/A ! tt channel. From Ref. [2].

self-coupling l , ATLAS and CMS project a sensitivity to the HH signal of approximately 3 s.d. per experiment, leading to
a combined observation sensitivity of 4 s.d. These analyses, which make use also of the HH mass spectrum shape, result in
the likelihood profile as a function of kl shown in Fig. 3 (left). An important feature of these analyses is the presence of the
secondary minimum in the likelihood lineshape, due to the degeneracy in the total number of HH signal events for different kl
values. We note that at the HL-LHC the secondary minimum can be excluded at 99.4% CL, with a constraint on the Higgs
self-coupling of 0.5 < kl < 1.5 at the 68% CL. The results on HH production studies are statistics limited, therefore a dataset
of at least 6 ab�1 (ATLAS and CMS combined) is essential to achieve this objective.

Higgs studies at HL-LHC will enhance the sensitivity to BSM physics, exploiting indirect probes via precision measurements,
and a multitude of direct search targets, ranging from exotic decays of the 125 GeV Higgs boson (e.g. decays including light
scalars, light dark photons or axion-like particles, and decays to long-lived BSM particles) to the production of new Higgs
bosons, neutral and charged, at masses above or below 125 GeV. As an example, Fig. 3 (right) shows a summary of the MSSM
regions of parameter space that will be probed by ATLAS and CMS. The expected exclusion limit for H/A ! tt is presented
in black-dashed and compared to the present limit (in red and green for ATLAS and CMS, respectively). The HL-LHC will
have access to new Higgs bosons as heavy as 2.5 TeV for tanb > 50. In the figure, we also present the expected bound coming
from Higgs precision coupling measurements which excludes Higgs bosons with masses lower than approximately 1 TeV over
a large range of tanb .

Precision measurements provide an important tool to search for BSM physics associated to mass scales beyond the LHC
direct reach. The EFT framework, where the SM Lagrangian is supplemented with dimension-6 operators Âi ciO

(6)
i

/L2, allows
one to systematically parametrise BSM effects and how they modify SM processes. Figure 2 (right) shows the results of a global
fit to observables in Higgs physics, as well as diboson and Drell-Yan processes at high energy. The fit includes all operators
generated by new physics that only couples to SM bosons. These operators can either modify SM amplitudes, or generate new
amplitudes. In the former case, the best LHC probes are, for example, precision measurements of Higgs branching ratios. In the
case of the operator OH , for example, the constraints in Fig. 2 (right) translate into a sensitivity to the Higgs compositeness
scale f > 1.6 TeV, corresponding to a new physics mass scale of 20 TeV for an underlying strongly coupled theory. The effects
associated with some new amplitudes grow quadratically with the energy. For example, Drell-Yan production at large mass can
access, via the operators O2W,2B, energy scales of order 12 TeV (Fig. 2).

2.1 Production of multiple EW gauge bosons
The measurement of production of pairs or triplets of EW gauge boson will be of great importance to test the mechanism of EW
symmetry breaking, since it can signal the presence of anomalous EW couplings, and of new physics at energy scales beyond
the reach of direct resonance production. First observations of EW multiboson interactions have recently been achieved in
vector boson scattering (VBS) of WW and WZ and we expect a fuller picture to be accessible at HL-LHC, by statistics, but also
through improved detector instrumentation and acceptance in the forward direction. Table 1 summarizes the expected SM yields,
quoting the expected precision and significance for several HL-LHC measurements. In particular, the extraction of individual
polarization contributions to same-sign WW scattering will yield a > 3 s.d. evidence for WLWL production, combining ATLAS
and CMS results.

3

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

           HL-LHC prospects 3 ab-1 (14 TeV)ATLAS and CMS

SM HH significance: 4σ

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

bbbb

ττbb

)νlνVV(lbb

γγbb

ZZ*(4l)bb

Combination

68%

95%

99.4%

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

0.1 < !" < 2.3 [95% CL]  
0.5 < !" < 1.5 [68% CL]

!"
Figure 3. Left: Projected combined HL-LHC sensitivity to Higgs trilinear coupling from direct search channels. Right:
sensitivity to BSM Higgs bosons, in the H/A ! tt channel. From Ref. [2].

self-coupling l , ATLAS and CMS project a sensitivity to the HH signal of approximately 3 s.d. per experiment, leading to
a combined observation sensitivity of 4 s.d. These analyses, which make use also of the HH mass spectrum shape, result in
the likelihood profile as a function of kl shown in Fig. 3 (left). An important feature of these analyses is the presence of the
secondary minimum in the likelihood lineshape, due to the degeneracy in the total number of HH signal events for different kl
values. We note that at the HL-LHC the secondary minimum can be excluded at 99.4% CL, with a constraint on the Higgs
self-coupling of 0.5 < kl < 1.5 at the 68% CL. The results on HH production studies are statistics limited, therefore a dataset
of at least 6 ab�1 (ATLAS and CMS combined) is essential to achieve this objective.

Higgs studies at HL-LHC will enhance the sensitivity to BSM physics, exploiting indirect probes via precision measurements,
and a multitude of direct search targets, ranging from exotic decays of the 125 GeV Higgs boson (e.g. decays including light
scalars, light dark photons or axion-like particles, and decays to long-lived BSM particles) to the production of new Higgs
bosons, neutral and charged, at masses above or below 125 GeV. As an example, Fig. 3 (right) shows a summary of the MSSM
regions of parameter space that will be probed by ATLAS and CMS. The expected exclusion limit for H/A ! tt is presented
in black-dashed and compared to the present limit (in red and green for ATLAS and CMS, respectively). The HL-LHC will
have access to new Higgs bosons as heavy as 2.5 TeV for tanb > 50. In the figure, we also present the expected bound coming
from Higgs precision coupling measurements which excludes Higgs bosons with masses lower than approximately 1 TeV over
a large range of tanb .

Precision measurements provide an important tool to search for BSM physics associated to mass scales beyond the LHC
direct reach. The EFT framework, where the SM Lagrangian is supplemented with dimension-6 operators Âi ciO

(6)
i

/L2, allows
one to systematically parametrise BSM effects and how they modify SM processes. Figure 2 (right) shows the results of a global
fit to observables in Higgs physics, as well as diboson and Drell-Yan processes at high energy. The fit includes all operators
generated by new physics that only couples to SM bosons. These operators can either modify SM amplitudes, or generate new
amplitudes. In the former case, the best LHC probes are, for example, precision measurements of Higgs branching ratios. In the
case of the operator OH , for example, the constraints in Fig. 2 (right) translate into a sensitivity to the Higgs compositeness
scale f > 1.6 TeV, corresponding to a new physics mass scale of 20 TeV for an underlying strongly coupled theory. The effects
associated with some new amplitudes grow quadratically with the energy. For example, Drell-Yan production at large mass can
access, via the operators O2W,2B, energy scales of order 12 TeV (Fig. 2).

2.1 Production of multiple EW gauge bosons
The measurement of production of pairs or triplets of EW gauge boson will be of great importance to test the mechanism of EW
symmetry breaking, since it can signal the presence of anomalous EW couplings, and of new physics at energy scales beyond
the reach of direct resonance production. First observations of EW multiboson interactions have recently been achieved in
vector boson scattering (VBS) of WW and WZ and we expect a fuller picture to be accessible at HL-LHC, by statistics, but also
through improved detector instrumentation and acceptance in the forward direction. Table 1 summarizes the expected SM yields,
quoting the expected precision and significance for several HL-LHC measurements. In particular, the extraction of individual
polarization contributions to same-sign WW scattering will yield a > 3 s.d. evidence for WLWL production, combining ATLAS
and CMS results.
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Observation of HH production 
50% or better constraint of κλ

NOTE: Run 2 results quickly improving 
(better techniques, more sophisticated analyses) 
Projections are likely conservative
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Conclusions
■ ATLAS and CMS are conducting a broad program of exploration of HH physics

□ SM HH search and self-coupling determination

□ BSM effects in nonresonant production: VVHH vertex, anomalous couplings


■ Full Run 2 results are now becoming public

□ largely improve over the previous 2016 results beyond lumi scaling

□ the large dataset enables the exploration of rare channels (e.g. bbZZ(4l) )


■ We are approaching a combined sensitivity of about 2-3 ⨉ σSM


□ high-energy BSM effects become relevant ⟹ motivates the study of a global EFT approach


□ beneficial for the combined interpretation of single and double H measurements


■ HH as a topic for HL-LHC only? Not really!

□ a lot of interesting results in the Run 2 dataset

□ more channels and more production modes to explore in the Run 3 dataset
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ggF HH production mode

25
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 = 1 , SMλk
 = 0 , only box diagramλk
 = 2.45 , maximal interferenceλk
 = 5 , soft spectrumλk
 = 20 , mainly triangle diagramλk

(13 TeV)

■ Strong dependence of the mHH 
distribution on κλ


■ Challenge for analyses: need 
optimal performance over a 
broad range of kinematics
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HH production: vector boson fusion

■ Very rare production mode

□ moderate sensitivity to λ


■ Unique sensitivity to the 
VVHH interaction

□ κ2V ≠ κV in e.g. composite 

Higgs models

□ longitudinal scattering 

opens when κ2V ≠ κV → 
growth of xs at high mHH 
values

N3LO QCD 
PRD 98, 114016 (2018) σSM

VBF = 1.73 fb ± 2.1 % (13 TeV)
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Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,
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The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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ŝ ∓
√

1− 4M 2
H

ŝ
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ŝ and

t̂ de
noti

ng the
part

onic
Mande

lstam
varia

bles
. Th

e tri
angu

lar a
nd box

form

facto
rs F#

, F!
and

G!
appr

oach
cons

tant
valu

es in
the

infin
ite t

op quar
k mass l

imit,

F#
→

2
3
,

F!
→ −

2
3
,

G!
→ 0 .

(6)

The
expr

essio
ns w

ith the
com

plet
e mass d

epen
denc

e ar
e rat

her
leng

thy
and

can
be fo

und

in Ref.
[11]

as w
ell a

s th
e NL

O QCD
corr

ectio
ns in

the
LET

appr
oxim

atio
n in Ref.

[18].

The
full

LO
expr

essio
ns for

F#
, F!

and
G!

are
used

whe
reve

r they
appe

ar in the

NLO
corr

ectio
ns in

orde
r to

improv
e the

pert
urba

tive
resu

lts,
similar

to wha
t ha

s be
en

done
in the

sing
le H

iggs
prod

ucti
on case

whe
re u

sing
the

exac
t LO

expr
essio

n redu
ces t

he

disa
gree

ment
betw

een
the

full
NLO

resu
lt an

d the
LET

resu
lt [7

, 19]
.

For
the

num
erica

l eva
luat

ion
we have

used
the

pub
licly

avai
lable

code
HPA

IR [44]
in

whic
h the

know
n NLO

corr
ectio

ns a
re implem

ente
d. As a

cent
ral s

cale
for t

his p
roce

ss

6

(a) gg double-Higgs fusion: gg → HH

H

H

H

g

g

Q

H

Hg

g

Q

(b) WW/ZZ double-Higgs fusion: qq′ → HHqq′

q

q′

q

q′

V ∗

V ∗

H
H

(c) Double Higgs-strahlung: qq̄′ → ZHH/WHH

q

q̄′ V ∗

V

H

H

g

g

t̄

t
H
H

q

q̄
g

(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

where

t̂± = −
ŝ
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∓

√

1
−
4M

2Hŝ
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Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,

F# →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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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.

g

g h

h

t

g

g h

h

t
h

g

g h

h

t

g

g h

h

h

g

g h

h

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
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case due to the limited sensitivity on the high mhh region.
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Cross section (LO) Signal shapes (LO) ■ 5 interactions involved in ggF

□ 3 specific to HH : λ, c2g, c2


□  2 constrained also in single H: cg, yt 


■ 3 interactions involved in VBF

□  2 specific to HH: λ, c2V


□ 1 constrained also in single H: cV


■ Correlations between these parameters 
depend on the way EFT is realised

A more generic result needs to account 
for the effect of other contributions 

Cross sections of O(1) c2/c2g are within 
experimental reach
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Loop effects in single H

28

Single H measurements provide sensitivity to λ from loop effects 

■ total cross section and BR changes

□ fully used by the experimental results


■ differential information

□ limited usage by experiments so far (theory prediction not available in 

ggF, no ttH differential info from 2016 analyses) 


Challenges in the H + HH combination 

■ experimental : treating overlaps between H and HH analyses

□ often similar final states, esp. with ttH and H(bb)H(XX) analyses


■ theory : defining the framework to perform the combination

□ κ-framework used so far, combines LO and NLO effects in double and 

single Higgs

□ perfect case for a EFT interpretation
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Figure 6. Dependence of ���3 for the relevant production processes at the LHC as a function of
� in the range |�|  20 (left) and zoomed in the region �2 < � < 8 (right). The style and colour
conventions of the lines are: ggF = solid black, tt̄H = dash-dotted red, VBF = dotted green, ZH

= dashed blue, WH = long-dashed magenta. The black dashed horizontal lines in the right plot
correspond to ±1%.
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Figure 7. Dependence of ���3 for the relevant decay widths (right) and corresponding �BR�3 as
defined in Eq. (4.4) (left). The solid black line represents �ff̄ , the long-dashed red line �WW , the
dashed blue line �ZZ and the dotted green line ��� .

degenerate with � ⇠ 6. The fact that the degeneracy appears at different values � for
different processes is important in order to be able to lift it.

The results for the decay widths and branching ratios are shown Fig. 7. We plot (left)
�⌃�3 as a function of � for the decay widths of the relevant modes at the LHC, which
we denote as ���3 , and we show (right) the analogous quantity (�BR�3) for the Branching
Ratios (BRs). The quantity �BR�3(i) for the Higgs decay into the final-state i can be
conveniently written as

�BR�3(i) =
(� � 1)(C�

1
(i)� C

�tot
1

)

1 + (� � 1)C�tot
1

, (4.4)

where we have defined C
�tot
1

⌘
P

j
BRSM(j)C�

1
(j) and with our input parameters C

�tot
1

=

2.3 · 10�3. The quantity C
�tot
1

, which actually is the C1 term for the total decay width, is
very small since C

�
1
(bb̄) = 0 and bb̄ is the dominant decay channel. Note that, although the

H ! gg decay is not phenomenologically relevant, the total decay width does depend on
���3(gg), since �gg yields a non-negligible fraction (8.5 %) of �tot.

15

(a)

(b) (c) (d)

Figure 1: Examples of one loop �HHH -dependent diagrams for the Higgs boson self energy (a) and the single Higgs
boson production in the VBF (b), VH (c), and ttH (d) modes. The self-coupling vertex is indicated by the filled
circle.

1 Introduction

After the discovery of the Higgs boson by the ATLAS [1] and CMS [2] experiments, the properties of this
new particle have been probed by the two experiments, testing their compatibility with the prediction of the
Standard Model (SM). During the two runs of data-taking of the Large Hadron Collider (LHC) at CERN, the
Higgs production cross-sections and decay branching ratios in various channels have been measured with
an increasing precision, as well as the Higgs boson couplings with the SM particles [3–5]. Nevertheless
the properties of the Higgs scalar potential, and in particular the Higgs boson self-coupling, are still largely
unconstrained. The most recent constraints on the Higgs boson trilinear self-coupling, �HHH , have been
set in the context of a direct search of double Higgs boson production. Results are reported in terms
of � = �HHH/�SMHHH

, which is the ratio of the Higgs boson self-coupling to its SM expectation. It is
constrained to at 95% confidence level (C.L.) to �5.0 < � < 12.1 [6] and �11.8 < � < 18.8 [7] by
ATLAS and CMS, respectively, using up to 36 fb�1of Run-2 data.

An alternative and complementary approach to study the Higgs boson self-coupling has been proposed in
the Refs. [8–13]. Single Higgs processes do not depend on �HHH at leading order (LO), but the Higgs
trilinear self-coupling contributions need to be taken into account for the calculation of the complete
next-to-leading (NLO) electro-weak (EW) corrections. In particular, �HHH contributes at NLO EW
via Higgs self energy loop corrections and additional diagrams, as shown by the examples in Figure 1.
Therefore, an indirect constraint on �HHH can be extracted by comparing precise measurements of single
Higgs production yields and the SM predictions corrected for the �HHH -dependent NLO EW e�ects.
Refs. [8, 9] propose a framework for a global fit to constrain the Higgs trilinear coupling, where all the
Higgs boson production and decay channels are modified by parameters:

µi f (�) = µi(�) ⇥ µ f (�) ⌘
�i(�)
�SM,i

⇥
BR f (�)
BRSM, f

, (1)

2
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Combined 2016 sensitivity to λPLB 800 (2020) 135103 
PRL 122, 121803 (2019)
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Single coupling EFT scan

■ Upper limit plot as function of c2 
from the bb𝛾𝛾 analysis


■ Assumes that only c2 is varied and 
other couplings are fixed to the SM 
value


■ Under this assumption, observe 
-0.6 < c2 < 1.1 (exp. -0.4 < c2 < 0.9)

□ correlation with other couplings are 

expected to reduce the sensitivity
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description is possible in the gray area (� < gmin), while exploration of the light blue region
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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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VBF HH→bbbb

■ Analysis based 
on a 4 b-tagged 
jet topology + 2 
VBF jets

31
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Figure 4: Post-fit mass distribution of the HH candidates in the (a) signal and (b) validation regions. The expected
background is shown after the profile-likelihood fit to data with the background-only hypothesis; the narrow-width
resonant signal at 800 GeV and the non-resonant signal at 2V = 3 are overlaid in the signal region, both normalised
to the corresponding observed upper limits on the cross-section. The lower panel shows the ratio of the observed data
to the estimated SM background. The distribution of events is shown per mass interval corresponding to the bin
width of 40 GeV, while the overflow events are included in the last bin.
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Figure 5: Observed and expected 95% CL upper limits on the production cross-section for resonant HH production
via VBF as a function of the mass mX . The (a) narrow- and (b) broad-width resonance hypotheses are presented.
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Figure 6: Observed and expected 95% CL upper limits on the production cross-section for non-resonant HH

production via VBF as a function of the di-vector-boson–di-Higgs-boson coupling modifier 2V . The theory
prediction of the cross-section as a function of 2V is also shown. More details on the predicted cross-section can be
found in Section 3.

The expected and observed limits on SM non-resonant HH production via VBF are given in Table 2.
Limits are also calculated as a function of 2V , as presented in Figure 6. The observed excluded region
corresponds to 2V < �0.76 and 2V > 2.90, while the expected exclusion is 2V < �0.91 and 2V > 3.11.
For 2V values deviating from the SM prediction, growing non-cancellation e�ects result in a harder mHH

spectrum, and thereby higher-pT b-jets, which in turn lead to increased signal acceptance times e�ciency
as shown in Figure 2. This search is therefore not sensitive to the region close to the SM prediction,
corresponding to 2V = 1 .

Table 2: Upper limits at 95% CL for SM non-resonant HH production via VBF in fb (first row) and normalised to
its SM expectation, �SM

VBF (second row). Uncertainties related to the branching ratio of the H ! bb̄ decay are not
considered.

Observed �2� �1� Expected +1� +2�

�VBF [fb] 1460 510 690 950 1330 1780

�VBF/�SM
VBF 840 290 400 550 770 1030

Table 3 summarises the relative impact of the uncertainties on the best-fit signal cross-section for two
di�erent narrow-width resonance production hypotheses, with masses equal to 300 GeV and 800 GeV. Only
major sources of systematic uncertainty are quoted along with the impact of the statistical uncertainty. The
uncertainties of similar nature are grouped into unique categories and the fit is performed independently
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Obs. (exp.) 
840 (550) ⨉ σSM

840 (540) ⨉ σVBFSM 

-0.8 < C2V < 2.9 (-0.9 < C2V < 3.1) 
allowed @ 95% CL

■ bbbb analysis 
extended with 
the two VBF jets 
signature (Δηjj > 
5, mjj > 100)

■ Multijet 
background data-
driven estimate 
from inverted b 
tag region

High BR channel + extra purity with VBF jetsRare production mode

■ Ongoing study in the LHC HH on the cross section vs cV / 
c2V in the fiducial analysis phase space


