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HH at the LHC : signatures

! SM HH production (ggF, VBF)


! Anomalous self-coupling


! VVHH vertex


! EFT couplings
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Broad program of physics covered in HH analyses at the LHC

Nonresonant Resonant

! New particles (X) decaying to HH

" mX !  1 TeV : resolved analyses

" mX "  1 TeV : boosted (high-mass) analyses

" Spin 0 and spin 2 hypotheses


! “HH-like” signatures

" analyses extended to probe decays to scalar 

particles with m ≠ mH
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HH channels at the LHC Run 2 : overview
! Many final states explored at 

the LHC

" progressively covering more and 

more cells in the plot


! Full Run 2 results for several 
channels are public

" focus of today’s talk
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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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Measuring the self-coupling

(a) gg double-Higgs fusion:gg ! HH
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(d) Associated production with top-quarks:qøq/gg ! tøtHH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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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 forF# , 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 codeHPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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The expressions with
the complete mass dependence are rather len

gthy 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 forF#
, 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 codeHPA
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[44] in
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the known NLO corrections are implemented. As a central scale for this process
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contains the øtthh 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 highmhh region.

The Feynman diagrams that contribute to thegg " hh process are shown in Fig. 2. Each

diagram is characterized by a di! erent scaling at large energies
!
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Full Run 2 results : bbWW
! Fully leptonic WW# !"!"  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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± 2#
Theory prediction

95% CL 
upper limit:

40 (29) #  SM

SR-DF regions using the predicted and observed event counts in each region as inputs. TheTop and
Z/ ! ! + HF normalisation corrections are also extracted from this Þt and are found to di! er negligibly from
those presented in Table3. 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
proÞled in the Þt. Thep-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, isp0 = 0.15 and corresponds to1.05" signiÞcance. Distributions ofmbb,
m!! , anddHH after performing background-only Þts to data in the control regions and applying theTop
andZ/ ! ! + HF normalisation corrections are shown in Figure3. The signal selection criteria are imposed
on all observables shown in Figure3 apart from the one being plotted, except that thedHH requirement for
thembb andm!! distributions is relaxed todHH > 5. No signiÞcant excess of events over the expected
SM background is observed and upper limits are set on non-resonant Higgs boson pair production at95%
conÞdence level (CL) using theCLs method [132]. Table5 presents these upper limits and comparisons
with the SM prediction. The observed (expected) limit at95%CL is 1.2 (0.9) pb, corresponding to40 (29)
times the SM prediction.
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Figure 3: Distributions ofmbb (left), m!! (middle), and the discriminantdHH (right). The distributions are shown
after the Þt 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 ondHH has been relaxed todHH > 5 for the distributions ofmbb andm!! . TheHH " bb#$#$signal
(ÒHHÓ) 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 Þgure. The hatched
bands indicate the combined statistical and systematic uncertainty.

Table 5: Observed and expected upper limits on the ggF-initiated non-resonantHH production cross-section at
95%CL and their ratios to the SM prediction (" SM(gg " HH) = 31.05± 1.90 fb [13Ð20]). 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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Full Run 2 results : bbZZ (4! )
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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 4!  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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Full Run 2 results : bb##

! Both ggF and VBF production modes considered


! Dedicated MVAs for background suppression

" Deep NN against ttH

" BDT against nonresonant #(#) + jet (uses object 

kinematics, ID, resolution)


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

" ggF: 3 MVA categories #  4 mHH categories 

" VBF: 2 categories for low and high mHH

7

New from Higgs2020!

CMS-PAS-HIG-19-018
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Clean but rare final state
Analysis designed to maximise purity 
with high signal efficiency



November 11th, 2020Luca Cadamuro (UF) HH : experimental overview

bb## : signal extraction
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! Search for a signal as a 
peak in the m## and mbb 

" simultaneous 2D fit over 

all the categories


! The analysis sensitivity 
is fully dominated by 
the statistical 
uncertainty

" in the future, theoretical 

precision in describing 
the resonant single H 
backgrounds (e.g H + 
bb) may become 
relevant
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bb## : results

! Tightest constraint to date on SM HH cross-
section and self-coupling

9
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Figure 10: Expected and observed 95% CL upper limits on the product of the HH production
cross section andB(HH ! !! bb) obtained for different values of " # assuming " t = 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 " # 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 + t tH (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 " #, but also on
" t . To better constrain the " # and " t coupling modiÞers, a 2D negative log-likelihood scan in the
(" #, " t ) plane is performed, taking into account the modiÞcation of the production cross sections
and B(H ! bb), B(H ! !! ) for anomalous (" #, " t ) values [23]. The modiÞcation of the single
H production cross section for anomalous " # is modeled at NLO, while the dependence on " t
is parametrized at LO only, neglecting NLO effects. This approximation holds as long as the
value of |" t | is close to unity, roughly in the range 0.7 < " t < 1.3. The parametric model is not
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(blue) and the HH + t tH (orange) analysis categories. All other couplings are Þxed to their SM
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Figure 14: Expected and observed 95% CL upper limits on the product of the VBF HH pro-
duction cross section and B(HH ! "" bb) obtained for different values of c2V . 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.

observed data and for an Asimov data set assuming all couplings are at their SM values.

We also set upper limits at 95% CL for the twelve BSM benchmark hypotheses deÞned in Ta-
ble 1. The limits for different BSM hypotheses are shown in Fig. 16. In addition, limits are also
calculated as a function of the BSM coupling between two Higgs bosons and two top quarks, c2,
as presented in Fig. 17. The observed excluded region corresponds toc2 < " 0.6 and c2 > 1.0,
while the expected exclusion is c2 < " 0.4 and c2 > 0.9. The yield of the VBF HH signal is

Obs. (exp.) 7.7 (5.2) #  σSM (HH)

Observed: 

Expected:
-3.3 < ! "  < 8.5 

-2.5 < κλ < 8.2
Observed: 

Expected:
-1.3 < ! "  < 3.5 

-0.9 < κλ < 3.1

CMS-PAS-HIG-19-018

Combined 
constraint from 
ggF and VBF 
categories 

Sensitivity driven 
by ggF 
production
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VBF HH# bbbb

! Analysis based 
on a 4 b-tagged 
jet topology + 2 
VBF jets
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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-resonantHH
production via VBF as a function of the di-vector-bosonÐdi-Higgs-boson coupling modiÞer! 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 Section3.

The expected and observed limits on SM non-resonantHH production via VBF are given in Table2.
Limits are also calculated as a function of! 2V , as presented in Figure6. 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 hardermHH

spectrum, and thereby higher-pT b-jets, which in turn lead to increased signal acceptance times e" ciency
as shown in Figure2. 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-resonantHH production via VBF in fb (Þrst row) and normalised to
its SM expectation," SM

VBF (second row). Uncertainties related to the branching ratio of theH " bøb 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

Table3 summarises the relative impact of the uncertainties on the best-Þt signal cross-section for two
di! erent narrow-width resonance production hypotheses, with masses equal to 300GeVand 800GeV. 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 Þt is performed independently
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Obs. (exp.) 
840 (550) # #SM

840 (540) # ! VBFSM 

-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
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Combined sensitivity to $PLB 800 (2020) 135103 

PRL 122, 121803 (2019)
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Theory prediction

Observed: 

Expected:
-5.0 < ! "  < 12 

-5.8 < κλ < 12
-11.8 < ! "  < 18.8 

-7.1 < κλ < 13.6
Observed: 

Expected:

Large room for improvement with 140 fb -1Combined constraints based on the 
2016 dataset only  (36 fb -1)
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Combined sensitivity to HH
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PLB 800 (2020) 135103 

PRL 122, 121803 (2019)

With the full Run 2 dataset: expect ~3-4 # ! SM  

~2-3 # ! SM if ATLAS and CMS results combined

10 210 310 410 510
ggF
SMσ HH) normalised to → (pp ggFσ95% CL upper limit on 

Combined

-W+Wb b→HH

γγ
-W+ W→HH

-W+W-W+ W→HH

γγb b→HH

bbb b→HH

-τ+τb b→HH 12.5 15 12

12.9 21 18

20.3 26 26

160 120 77

230 170 160

305 305 240

6.9 10 8.8

Obs. Exp. Exp. stat.

Observed
Expected

σ 1±Expected 
σ 2±Expected 

ATLAS
-1 = 13 TeV,  27.5 - 36.1 fbs

 HH) = 33.5 fb→ (pp ggF
SMσ

HH
SMσ/HHσ95% CL on 

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

 SM×Expected 12.8
SM×Observed 22.2

Combined

SM×Expected 18.8
SM×Observed 23.6

γγbb

SM×Expected 25.1
SM×Observed 31.4

ττbb

SM×Expected 36.9
SM×Observed 74.6

bbbb

SM×Expected 88.8
SM×Observed 78.6

bbVV

Observed
Median expected
68% expected
95% expected

CMS 

HH→gg

 (13 TeV)-135.9 fb

NOTE : a na•ve projection from the increased luminosity gives 18.8 # sqrt(36 fb-1/137 fb -1) = 9.6 # ! SM  
The full Run 2 result is almost 2x better than the simple sqrt(L) scaling!

ATLAS-CMS achieve a sensitivity of 
10-13 # ! SM with the 2016 dataset only



*

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.

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
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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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EFT effects in HH
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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) c 2/c 2g are within 
experimental reach

The results previously shown assumed 
"-only variations
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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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Single coupling scan

! Upper limit plot as function of c2 
from the bb## 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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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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! Shape benchmarks = 
specific EFT coupling sets 
with a representative mHH 
shape


! Useful to assess changes in 
the analyses sensitivities 
across the EFT space 

" e.g.: 5 #  SM (κλ precision of 

5-10) can turn into a much 
tighter constraint on contact 
interactions


! Limited reinterpretability in 
EFT scenarios

" benchmark information is 

“coarse-grained” #  very 
difficult to feed to an EFT 
global fit
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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.
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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

 [GeV]HHm
0 200 400 600 800 1000 1200 1400 1600

a.
u. Shape benchmark 2

 [GeV]HHm
0 200 400 600 800 1000 1200 1400 1600

a.
u. Shape benchmark 7

Limited applicability for 
EFT interpretations

Very practical for analysis optimisation
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Challenges for a EFT interpretation

! On the theory/interpretation side

" understand the proper framework: SMEFT or HEFT?


‒ in case of SMEFT: implement single-H “external” constraints 
on EFT couplings when fitting λ. SMEFT predicts correlations 
between EFT couplings, only λ is “unconstrained” in single H 
(apart from loop effects)


‒ in case of HEFT: requires simultaneous fit of H and HH 


! "  see discussion in RamonaÕs talk
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HH analysesH analyses

HH analysesH analyses

H EFT Þt HH EFT Þt

H + HH EFT Þt

! On the experimental side

" analysis design: disentangle operators effects, e.g. c2g vs c2 $  usage of mHH di"erential information? 


" generating events: generator at NLO for HEFT (Powheg, implemented by ATLAS and CMS) and LO SMEFT 
(not tested yet in HH) $  review, test and compare LO and NLO generators in both models? 


" signal shapes modelling in the high-dimensional EFT space. Our current procedure of “sample sums” can be 
inefficient for 5 EFT couplings = 15 summed terms $  ME-based reweighting?
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Single H measurements provide sensitivity to " 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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H + HH combination
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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, tøtH = dash-dotted red, VBF = dotted green, ZH
= dashed blue, W H = 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 ! f øf , the long-dashed red line ! W W , the
dashed blue line ! ZZ and the dotted green line ! "" .

degenerate with! # 6. The fact that the degeneracy appears at di! erent values! for
di! erent 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 Þnal-statei 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 deÞnedC�tot
1 $

!
j BRSM(j )C�

1 (j ) and with our input parameters C�tot
1 =

2.3 á10! 3. The quantity C�tot
1 , which actually is the C1 term for the total decay width, is

very small sinceC�
1 (bøb) = 0 and bøb 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 .
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(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 theVBF (b), VH (c), andttH (d) modes. The self-coupling vertex is indicated by the Þlled
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 [3Ð5]. 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 / ! SM

HHH , which is the ratio of the Higgs boson self-coupling to its SM expectation. It is
constrained to at 95% conÞdence 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. [8Ð13]. 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 Figure1.
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 Þt to constrain the Higgs trilinear coupling, where all the
Higgs boson production and decay channels are modiÞed by parameters:

µi f ("! ) = µi ("! ) " µ f ("! ) #
#i ("! )
#SM,i

"
BRf ("! )
BRSM, f

, (1)

2
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H and HH combination

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


! Combination with single 
H reduces degeneracies 
with κt 
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ATLAS-CONF-2019-049 
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Full EFT combination as the next goal?

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 Table2.
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Figure 5: Value of! 2 ln ! as a function of! ! with ! W , ! Z , ! t , ! b, ! " proÞled (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 Þxed to the best-Þt values obtained from data and the parameters of interest Þxed to the SM hypothesis
(b). The curves are compared to the! ! -only model (where all! m modiÞers are set to unity). The intersections of the
dashed horizontal lines, corresponding to! 2 ln ! = 1 and! 2 ln ! = 3.84, with the proÞle likelihood curve are used
to deÞne the±1" sigma uncertainty on! ! and the 95% CL interval, respectively.

Table 2: Best-Þt values for the! -modiÞers 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 modiÞer! ! = #HHH / #SM
HHH has been constrained with a combination

of single-Higgs analyses using data collected at
"

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 ! " versus ! t for an
Asimov data set assuming the SM hypothesis and for the observed data. The regions of the 2D
scan where the ! t parametrization for anomalous values of ! " at LO is not reliable are shown
with a gray band.

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

! 0.2 (! t = 1.0+0.2
! 0.2 expected). Values of ! t 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 ( ! " , ! t ) 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 t tH categories. The best Þt value for the HH categories only ( ! " =
0.6, ! t = 1.2) is indicated by a blue circle, for the HH + t tH categories (! " = 1.4, ! t = 1.3) by a
orange diamond, and the SM prediction ( ! " = 1.0,! t = 1.0) by a black star. The regions of the 2D
scan where the ! t parametrization for anomalous values of ! " 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, #VBF HH B(HH " $$bb), with the yield of the ggF HH signal constrained
within uncertainties to the one predicted in the SM. The observed (expected) 95% CL upper
limit on #VBF HH B(HH " $$bb) amounts to 1.02 (0.94) fb. The limit corresponds to 225 (208)
times the SM prediction. This is the most stringent constraint on #VBF HH B(HH " $$bb) 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 efÞciency 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 ! " and c2V coupling modiÞers. A 2D negative log-likelihood scan in the ( ! " , 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(##) ) 

HH(bb##) + ttH(##)
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Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ös and öt denoting the partonic Mandelstam variables. The triangular and boxform
factors F# , F! and G! approach constant values in the inÞnite 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 forF# , 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 codeHPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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Figure 1 . First row: Leading-order contribution to Higgs-boson production via gluon-gluon fusion
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contributions from heavy fermion resonances to the same process.

The rotations to the mass basis will be in analogy to (2.6), but now featuring larger
matrices. We will resort to numerical methods for these diagonalizations in the following.
Note that, if we are only interested in sums of ratios of Higgs couplings over masses, we
can arrive at simple analytical expressions, avoiding the diagonalization procedure, see
Section 3.

The couplings of the fermions to the Higgs boson are now given by

L h =
!

f = E,Y

ø! f 10 (0)
L gf (0)

h10 ! f 10 (0)
R h + h .c. , (2.17)

where

! E 10 (0) ! (! (0) , E (0)
1 , E (0)

2 , E (0)
3 )T , ! Y 10 (0) ! (Y (0)

1 , Y (0)
2 , Y (0)

3 )T , (2.18)

and

gf (0)
h10 =

" M f

" v
, (2.19)

with f = E, Y . After rotating to the diagonal mass basis, the Higgs-coupling matrices
become

gf
h10 = Uf 10 

L gf (0)
h10 Uf 10

R . (2.20)

3 Higgs Production and Decay

3.1 General Structure

The presence of the new resonances has signiÞcant implications on the production and
decay of the Higgs boson, which will be worked out in this section. The most important
production mechanism for the Higgs boson at hadron colliders is gluon-gluon fusion, which
in the SM receives its main contribution from a top-quark triangle loop, with a large
coupling to the Higgs, see the leftmost diagram in Figure1. In extensions of the SM this
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Resonant VBF HH# bbbb

! The VBF bbbb search also 
probes heavy resonances 
produced in VBF

" peak signature in the mHH distribution


! Wide and narrow resonance hypotheses 
considered


! Input on the interpretability of these models 
and their interplay with other direct searches

" e.g., high mass resonances in VV decays?

" which BSM models are constrained at the current 

sensitivity?
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1 Introduction

The Higgs boson (H) was discovered by the ATLAS and CMS collaborations in 2012 [1, 2] using
proton–proton (pp) collisions at the Large Hadron Collider (LHC). The measured properties have so far
been found to be in agreement with the Standard Model (SM) predictions. The production of a pair of Higgs
bosons (HH) is a rare process in the SM with a cross-section about 1000 times smaller than the single
Higgs boson production cross-section, but various theories beyond the SM (BSM) predict cross-sections
for HH production that are significantly higher than the SM prediction. Spin-0 resonances, with narrow or
broad width, that decay into Higgs boson pairs, appear in BSM scenarios [3, 4]. Enhanced non-resonant
Higgs boson pair production is predicted by many models, for example those featuring light coloured
scalars [5] or new contact interactions, such as direct tøtHH vertices [6, 7].

Previous searches for Higgs boson pair production in the bøbbøb channel were carried out in the gluon–gluon
fusion (ggF) production mode by the ATLAS and CMS collaborations [8–12], and limits were set for
resonant and non-resonant production. Statistical combinations of search results for HH in various decay
channels were also performed by the two experiments [13, 14], profiting from the sensitivity of several
final states.

This paper focuses on searches for Higgs boson pair production via vector-boson fusion (VBF), through
diagrams such as those presented in Figure 1, and using the dominant H ! bøb decay mode [15]. The VBF
process (pp ! HH j j ) is characterised by the presence of two jets ( j ) with a large rapidity gap resulting
from quarks from which a vector boson (V) is radiated. In the SM, three di! erent types of couplings are
involved in HH production via VBF: the Higgs boson self-coupling (HHH), the Higgs-boson–vector-boson
coupling (VVH) and the quartic (di-vector-boson–di-Higgs-boson, or VVHH) coupling. The coupling
modifiers ! ! , ! V and ! 2V control the strength of the HHH, VVH and VVHH couplings with respect to the
SM value, respectively, and are normalised so that they are equal 1 in the SM. A deviation of these coupling
modifiers from their SM expectations could lead to enhanced HH production. While searches in the ggF
mode are more sensitive to deviations in ! ! , the VBF topology has unique sensitivity to ! 2V [15] because
the ggF mode does not involve the VVHH interaction. For resonant production, two classes of signals are
tested to perform a generic inclusive search for resonances with masses mX in the range 260–1000 GeV.
The first signal class is representative of a broad resonance with width typically 10-20% of the signal mass;
it corresponds to a heavy scalar of the 2HDM Type II model [16] and is obtained by setting the ratio of
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Figure 1: Tree-level Feynman diagrams contributing to Higgs boson pair production via VBF. Diagrams (a), (b) and
(c) illustrate the non-resonant production modes scaling with ! V ! ! , ! 2

V and ! 2V , respectively. Diagram (d) illustrates
the resonant production mode.
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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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Table 3: Event yields of the various estimated backgrounds and data, computed in the SR of the search for
X ! HH ! bøb! +! " . The background labelled as ÔOthersÕ containsW+jets, diboson,tøt and single-top-quark events.
Statistical and systematic uncertainties are quoted, in that order. The background yields and uncertainties are pre-Þt
and are found to be similar to those post-Þt. A dash Õ-Õ indicates a yield or uncertainty below 0.01.

Selection onmvis
HH > 0GeV > 900GeV > 1200GeV

Z!! +hf 0.89± 0.25+0.37
" 0.35 0.75± 0.21+0.47

" 0.37 0.17± 0.05± 0.07

Z!! +lf 0.05± 0.05± 0.03 0.05± 0.05± 0.03 -

Multi-jet 0.18± 0.03± 0.14 0.17± 0.03± 0.13 0.09± 0.02± 0.07

ZH 0.11± 0.01± 0.04 0.09± 0.01± 0.03 0.02± - ± 0.01

Others 0.13± 0.05+0.15
" 0.07 0.13± 0.05+0.15

" 0.07 0.05± 0.03+0.12
" 0.03

Sum of backgrounds 1.36± 0.26+0.42
" 0.38 1.19± 0.23+0.51

" 0.40 0.33± 0.07+0.16
" 0.10
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Figure 12: Distributions ofmvis
HH after applying all the event selection that deÞne theHH SR, except the requirement

on mvis
HH . The background labelled as ÔOthersÕ containsW+jets, diboson,tøt and single-top-quark events. The

X ! HH ! bøb! +! " signal is overlaid for two resonance mass hypotheses with a cross-section set to the expected
limit, while all backgrounds are pre-Þt. The Þrst and the last bins contain the underßow and overßow bin entries,
respectively. The hatched bands represent combined statistical and systematic uncertainties.
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5 Reconstruction and identiÞcation of boosted hadronically decaying! +! !

pairs

Hadronically decaying! -leptons produce a neutrino and visible decay products, typically one or three
charged pions and up to several neutral pions, which are reconstructed and identiÞed as! had-visobjects. In
the standard procedure [93], a ! had-visobject is seeded by a jet withpT > 10GeV and|" | < 2.5, formed
using the anti-kt algorithm withR = 0.4. A multivariate identiÞcation stage, using calorimetric shower
shapes and tracking information as input variables, is employed to discriminate! had-viscandidates with
one or three associated tracks from quark- or gluon-initiated jets. However, in the search for high-mass
X ! HH ! bøb! +! " presented in this paper, more than 50% of the! +! " pairs have a separation�R < 0.4
whenmX # 2TeV, hence they would fail the standard reconstruction procedure. For such events, a novel
method for reconstructing boosted hadronically decaying! +! " pairs, referred to as the di-! tagger, is
employed.

Boosted di-! objects are seeded by untrimmed large-radius jets that must havepT > 300GeV. Their
constituents are reclustered into anti-kt sub-jets withR = 0.2. The original di-! seeding jet must include at
least two such sub-jets and, after ordering inpT, the two leading sub-jets are used to construct the di-!
system. Tracks are geometrically matched to a sub-jet if they are within a cone of size�R = 0.2 around its
axis, and they are labelled as Ô! tracksÕ. Other tracks found in the isolation region (i.e. the area of the di-!
seeding large-radius jet excluding the di-! sub-jets) are labelled as Ôiso-tracksÕ. A schematic representation
of a di-! object is shown in Figure1. The track selection criteria, as well as the trackÐvertex matching, are
the same as those used for the standard! had-visobjects [93]. In the following, the two leading sub-jets used
to compute the four-momentum of the di-! system must havepT > 10GeV and at least one associated
track.

Figure 1: Schematic representation of a di-! object: the large blue cone is the di-! seeding jet while the two smaller
yellow cones are the two leading sub-jets. Tracks found within a cone of size�R = 0.2 around the sub-jet axis are
matched to charged pions produced in hadronic decays of! -leptons, while other tracks found in the isolation region
are labelled as Ôiso-tracksÕ. The closest distanced0 in the transverse plane between the primary vertex and the leading
track matched to a sub-jet is also shown for illustration.

At this stage, the di-! reconstruction e! ciency is deÞned as the fraction of events in which a boosted
di-! candidate is reconstructed and each of the two leading sub-jets geometrically matches a generated
hadronically decaying! -lepton for which thepT of the visible products (neutral and charged hadrons)
exceeds 10GeV. Figures2(a)and2(b)show the di-! reconstruction e! ciency as a function of, respectively,

7

Two di! erent requirements are applied tomvis
HH for the resonance mass hypotheses of 1.6TeV and 2.5TeV,

leading to discontinuities in the limits (at 1.6TeV, the di! erence between imposing no requirement and
mvis

HH > 900GeV is less than 1% though). The more stringent requirement onmvis
HH reduces the expected

background for resonance mass hypotheses beyond 2.5TeV, and no data events survive. This leads to an
observed exclusion limit slightly below the expected limit. For resonance masses in the range 1.2Ð3.0TeV,
the observed (expected) 95% CL upper limits lie between 94 and 28 fb (74 and 32 fb). FormX = 1.0TeV,
where the analysis is least optimal, mostly due to thepT requirements on the large-R jet at both the trigger
and analysis levels, the observed (expected) limit becomes 817 fb (624 fb). These 95% CL upper limits
are driven mainly by the statistical uncertainties of the data sample. The relative impact of the systematic
uncertainties is estimated by comparing the expected upper limits when taking or not into account the
nuisance parameters in the statistical analysis. For resonance mass hypotheses in the range 1.2Ð2.0TeV,
the expected upper limits deteriorate by 20Ð30%, mostly due to the uncertainties in the di-! reconstruction.
At lower masses, the uncertainties in the large-R jet energy and mass scales further a! ect the expected
upper limits (the largest impact from all nuisance parameters reaches 85% at 1TeV). On the other hand,
systematic uncertainties are found to have a negligible impact (less than 10%) on the expected upper limits
for mass hypotheses beyond 2.5 TeV.
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Figure 13: Expected and observed 95% CL upper limits on the production cross-section of a heavy, narrow, scalar
resonance decaying into a pair of Higgs bosons (X ! HH). The Þnal state used in the search consists of a boostedbøb
pair and a boosted hadronically decaying! +! " pair, and the SM branching fractions of the Higgs boson are assumed.
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10 Conclusion

In this paper, novel analysis techniques using large-radius jets and exploiting jet substructure are used
to reconstruct and identify boosted di-! systems in the ATLAS experiment. These can arise from
the decayH ! ! +! " of a Higgs boson with a large Lorentz boost. A dedicated benchmark of the
di-! tagger is designed to search for resonant Higgs boson pair production in the high-mass regime,
X ! HH ! bøb! +! " , where only Þnal states with two hadronically decaying! -leptons are considered.
This benchmark corresponds to a 60% di-! identiÞcation e" ciency and a rejection factor of104 for the

21

Highly boosted % pairs have 
overlapping tracks

$  standard reconstruction 
and isolation algorithms fail 

arXiv:2007.14811

! Target hadronic bb%h%h final state


! Dedicated reconstruction for highly boosted tau lepton pairs : 4#  better efficiency for 
pTvis(%%) > 600 GeV compared to the reconstruction of two separate % objects

" identifies the two tau candidates as sub-jets in a large radius jet
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Figure 5: Upper limits at 95% CL on the cross-section of the resonant Higgs boson pair production for (a) a spin-0
heavy scalar, (b) a spin-2 KK graviton withk/ MPl = 1 and (c) a spin-2 KK graviton withk/ MPl = 2. The observed
(expected) limits are shown as solid (dashed) lines. The±1! and±2! bands are only shown for the expected limits
of the combination. Only thebøbbøb, bøbW+W! andbøb" +" ! search results are used in the spin-2 resonant combination.
The vertical black lines in each pannel indicate mass intervals where di! erent Þnal states are combined.
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of the combination. Only thebøbbøb, bøbW+W! andbøb" +" ! search results are used in the spin-2 resonant combination.
The vertical black lines in each pannel indicate mass intervals where di! erent Þnal states are combined.
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Observed
Expected

CMS  (13 TeV)-135.9 fb

Spin-0

! New resonances explored in a broad mass range up to 3 TeV

" both spin 0 and spin 2 hypotheses


! Complementarity between the final states in the low/medium/high mass regimes

" same trend in the two experiments with some analysis-related differences
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Expanding the resonant searches
HH searches: signature and interpretations 

! Signal assumptions: searches have been so far performed with spin-0 (narrow resonances) 
and spin-2 (variable resonance width)

" are there effects currently neglected (e.g. interference effects with SM HH production?)


! Model interpretation (esp. spin-2): are there scenarios beyond the extra dimension ones?


! Relevance against other searches (e.g. X# tt) ?


HH-like signatures : extending resonant searches to probe a broader phase space 

! ATLAS performed a search for X# SS# WWWW at 36 fb-1


! Possibility to expand current searches to symmetric (X# SS) and asymmetric (X# YH) decays

" which final states are favoured / relevant (esp. for the new particle decays)? Which mass ranges?

24

Designing a coherent set of benchmarks will largely help the 
development of broader resonant analyses 

See discussion in 
MaggieÕs talk
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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

" Direct BSM searches with resonant production


! Some full Run 2 results are now public

" largely improve over the previous 2016 results beyond lumi scaling (e.g. bb##)


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

" more to come soon as the full run 2 dataset is analysed


! 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
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