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What we can access using HH production 
~Non resonant signals~

SM cross-section at 
13 TeV: 31.05 fb.
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Mo�va�on

Search for di-Higgs produc�on with ATLAS

Non-resonant HH produc�on

 Sensi�ve to Higgs trilinear coupling λHHH. 

 Its value in SM is determined by the 

v.e.v. and mH.

 Its measurement is a test of the shape 

of the Higgs poten�al.

 SM cross-sec�on for pp collisions at 

13TeV is                             .

 Possible BSM enhancements due to 

modi.ed λHHH.

Resonant HH produc�on

 Models containing a heavy spin-0 

par�cle coupling to SM Higgs:

 Singlet extension;

 2HDM;

 hMSSM;

 …

 Models with heavy spin-2 par�cle:

 Randall-Sundrum Graviton.

F. Costanza
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- In SM, cancelation between first to diagrams preserves unitarity 
- For generic cV / c2V VV→hh grows with energy: 

Growth of σ with energy clear sign of new physics

Cross section @13 TeV:  σVBF-hh =  1.64 fb  (σggFhh = 38.20 fb)
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Figure 1. Tree-level Feynman diagrams contributing to Higgs pair production via VBF. In terms
of Eq. (2.2), the left, middle, and right diagrams scale with c2V , c2V , and cV c3, respectively.

2.1 General parametrization of Higgs couplings

Following Ref. [4], we introduce a general parametrization of the couplings of a light Higgs-

like scalar h to the SM vector bosons and fermions. At energies much lower than the mass

scale of any new resonance, the theory is described by an e↵ective Lagrangian obtained by

making a derivative expansion. Under the request of custodial symmetry, the three NGBs

associated with electroweak symmetry breaking parametrize the coset SO(4)/SO(3) and

can be fitted into a 2⇥ 2 matrix

⌃ = ei�
a
⇡
a
/v , (2.1)

with v = 246GeV the Higgs vacuum expectation value. Assuming that the couplings of the

Higgs boson to SM fermions scale with their masses and do not violate flavor, the resulting

e↵ective Lagrangian in [4] can be parametrized as
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where V (h) denotes the Higgs potential,

V (h) =
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The parameters cV , c2V , c , c3, and c4 are in general arbitrary coe�cients, normalized so

that they equal 1 in the SM. The Higgs mass is fixed to be mh = 125 GeV [69].

As the notation in Eq. (2.2) indicates, the coe�cients cV , c2V , and c3 control the

strength of the hV V , hhV V and hhh couplings, respectively. The coe�cients c and

c4 instead a↵ect the couplings to fermions and the Higgs quartic self-interaction and are

thus not relevant for double Higgs production. In Fig. 1, we show the tree-level Feynman

diagrams, in the unitary gauge, that contribute to Higgs pair production in the vector-boson

fusion channel at hadron colliders. In terms of the general parametrization of Eq. (2.2),

the left, middle, and right diagrams scale with c2V , c2V , and cV c3, respectively.

– 4 –

In the SM, a cancellation dictated by perturbative unitarity occurs between the first

and second diagrams. This is best understood by describing the process as a slow emission

of the vector bosons by the protons followed by their hard scattering into a pair of Higgs

bosons [70]. For generic values of cV and c2V , the amplitude of the partonic scattering

V V ! hh grows with the energy
p
ŝ until the contribution from the new states at the cuto↵

scale ⇤ unitarizes it. The leading contribution in the energy range mW ⌧
p
ŝ ⌘ mhh ⌧ ⇤

comes from the scattering of longitudinal vector bosons and is given by

A(VLVL ! hh) '
ŝ

v2
(c2V � c2V ) , (2.4)

up to O(m2
W
/ŝ) and O(ŝ/⇤2) corrections. In scenarios with c2V 6= c2

V
, the growth of the

partonic cross section with ŝ thus provides a smoking-gun signature for the presence of

BSM dynamics [3].

In the parametrization of Eq. (2.2), the amplitude for the process pp ! hhjj can be

decomposed as follows

A = eAc2V + eB c2V + eC cV c3 , (2.5)

where eA, eB, and eC are numerical coe�cients. In the present work, we will focus on the

quartic coupling c2V and set cV and c3 to their SM values. This is justified for cV since the

ATLAS and CMS measurements of Higgs production cross sections, when analysed in the

context of a global fit of Higgs properties [71–73] typically set bounds on cV �1 at the level

of 10 � 20%, depending on the specific assumptions made – see for example [74–76] and

references therein. Tighter limits on cV can be derived from electroweak precision tests in

the absence of additional BSM contributions [77].

On the other hand, the trilinear Higgs coupling c3 (where c3 = �/�sm) only has loose ex-

perimental constraints so far. As an illustration, a recent ATLAS search for non-resonant

Higgs pair production at 13 TeV in the bb̄bb̄ final state [26] translates into the bound

�(hh)/�sm(hh) . 27 at the 95% confidence level. Achieving O (1) precision in the mea-

surement of c3 will thus most likely require the full HL-LHC statistics. Moreover, as

anticipated and further discussed in the following, gaining sensitivity to c2V is achieved by

reconstructing events with large values of mhh. In such kinematic region, the sensitivity to

c3 is significantly reduced, since for large values of mhh the diagram with the Higgs trilinear

interaction (rightmost one in Fig. 1) is suppressed due to the o↵-shell Higgs propagator.

For these reasons, setting cV = c3 = 1 is a good approximation in the context of the

present analysis. We can then define

�c2V ⌘ c2V � 1 , (2.6)

and this way the total cross section will be parametrized as

� = �sm
�
1 +A �c2V +B �2c2V

�
. (2.7)

The values of the SM cross section �sm and of the parameters A, B are reported in Table 1

for
p
s = 14 and 100TeV, both after acceptance cuts and after applying all the analysis

cuts (discussed in Sect. 3). We will make extensive use of this parametrization in Sect. 4

– 5 –

c2v
cv

cv λ

In SM, each coupling strength is c2V=1 and cV=1, κλ=1.

Negative interference with box diagram
Possible BSM enhancements due to modified coupling strength of κλ

gluon gluon Fusion (ggF)

Vector Boson Fusion (VBF)

SM cross-section at 
13 TeV: 1.73 fb.

Possible BSM enhancements due to modified coupling strength of c2V
[Eur. Phys. J. C (2017) 77:481]
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Mo�va�on

Search for di-Higgs produc�on with ATLAS

Non-resonant HH produc�on

 Sensi�ve to Higgs trilinear coupling λHHH. 

 Its value in SM is determined by the 

v.e.v. and mH.

 Its measurement is a test of the shape 

of the Higgs poten�al.

 SM cross-sec�on for pp collisions at 

13TeV is                             .

 Possible BSM enhancements due to 

modi.ed λHHH.

Resonant HH produc�on

 Models containing a heavy spin-0 

par�cle coupling to SM Higgs:

 Singlet extension;

 2HDM;

 hMSSM;

 …

 Models with heavy spin-2 par�cle:

 Randall-Sundrum Graviton.

F. Costanza
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Models with a heavy spin-0 particle: “Singlet extension”, “2HDM”, “hMSSM” 
Models with a heavy spin-2 particle: “Randall-Sundrum Graviton”

ggF and VBF are complementary to each other for the specific 
parameters due to different couplings at production.

What we can access using HH production 
~BSM resonant signals~

gluon gluon Fusion (ggF) Vector Boson Fusion (VBF)
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Channels ∫L [fb-1] Reference
bbbb 27.5-36.1 JHEP 01 (2019) 030

bbττ 36.1 Phys. Rev. Lett. 121 
(2018) 191801

bbγγ 36.1 JHEP 11 (2018) 40

WWWW 36.1 JHEP 05 (2019) 124

WWγγ 36.1 Eur. Phys. J. C 78 
(2018) 1007

bbWW 36.1 JHEP 04 (2019) 092

　combination 36.1 1906.02025

Channel L [fb-1] Reference

bbbb 27.5-36.1 JHEP 01 (2019) 030

bbW 
+W 

-

(bbℓνqq)
36.1 JHEP 04 (2019) 092

bbτ 
+τ 

- 36.1
Phys. Rev. Lett. 121 

(2018) 191801

W 
+W 

-W 
+W 

- 36.1 JHEP 05 (2019) 124

bbγγ 36.1 JHEP 11 (2018) 40

W 
+W 

- γγ 36.1
Eur. Phys. J. C 78 

(2018) 1007

combination 36.1 1906.02025

bbℓνℓν 139

VBF bbbb 126 ATLAS-CONF-2019-030
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ATLAS Run2 publica�on summary

Search for di-Higgs produc�on with ATLAS F. Costanza

New!

bblvlv
bblvlv 139 -

VBF bbbb 126 ATLAS-CONF-2019-030

New this summer

Studied channels at 13 TeV

Today, will report “    ” that are the selected ggF analyses and the combination 
of them, two new analyses, and HL-LHC prospect of ggF analyses.

various decay channels in HH
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ggF HH→bbbb
• Feature: high statistics 
• Two approaches for low mass and high mass regions

Nikos Konstantinidis Searches for Higgs pair production with ATLAS

• Highest branching ratio: 1 in 3 di-Higgs events result in bbbb
– But huge multi-jet background making analysis very challenging 

• Esp. triggers for non-res and low-mass resonances: rely on online b-tagging

• Two selections to cover the entire range of resonance masses:

HH→bbbb

5

Resolved
4 R=0.4 jets

(“small-R jets”)

mX = 0.26–1.4 TeV

Boosted
2 R=1.0 jets

(“large-R jets”)

mX = 0.8–3.0 TeV
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Resolved Signal Region
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• Backgrounds 
- Multijet (95%): Data-driven estimation in 
CRs with reduced b-tagging for multijet bkg. 

- ttbar (5%): MC 
• Uncertainty: dominated by QCD modeling unc. 
• Observation is consistent with no enhanced di-
Higgs production hypothesis. 

• The limits on κλ will be shown at the 
combination results.

Resolved SR
Nikos Konstantinidis Searches for Higgs pair production with ATLAS

• Highest branching ratio: 1 in 3 di-Higgs events result in bbbb
– But huge multi-jet background making analysis very challenging 

• Esp. triggers for non-res and low-mass resonances: rely on online b-tagging

• Two selections to cover the entire range of resonance masses:

HH→bbbb

5

Resolved
4 R=0.4 jets

(“small-R jets”)

mX = 0.26–1.4 TeV

Boosted
2 R=1.0 jets

(“large-R jets”)

mX = 0.8–3.0 TeV

Boosted: 
• 2 R=1.0 jets (“large-R jets”)  
• 3 categories(2,3,4 b-tags), based 
on number of b-tagged “track jets” 
associated with the large-R jets

Resolved: 
• 4 R=0.4 jets (“small-R jets”)  
• Relies critically on b-jet triggers

27.5-36.1 fb-1
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ggF HH→bbττ
• Feature: Fairly high statistics, clean with lepton channel 
• Two channels, based on decays of the tau leptons: τlepτhad, τhadτhad 
- Boosted Decision Trees (BDT) used to enhance the analysis sensitivity 

• Backgrounds: ttbar (MC), QCD multijet(data driven), Z+HF(MC) 
• Uncertainty: dominated by statistical uncertainties 
• Observation is consistent with no enhanced di-Higgs production hypothesis.
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ggF HH→bbγγ
• Feature: Low background 
• Two categories for low mass and high mass regions 
- Loose selection: (sub-)leading jet pT > 40(25) GeV used for κλ analysis and 
resonances with mX < 500 GeV. 

- Tight selection: (sub-)leading jet pT > 100(30) GeV used for mX > 500 GeV. 
• Background: single higgs (MC), continuum mγγ (data driven)  
• Uncertainty: dominated by statistical uncertainties 
• Observation is consistent with no enhanced di-Higgs production hypothesis.
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Results of the ggF combination 
~Interpretation on non-resonant signal~

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

Combined
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Theory prediction

SM HH production cross-section Higgs trilinear coupling

κλ ≡ λHHH

λSM
HHH

= 195% CLs upper limit for

κλ ∈ [−5.0,12](obs), [−5.8,12](exp)

κλ ∈ [−3.2,11.9] ATL-PHYS-PUB-2019-009

Indirect limits from single Higgs differential 
production and decay measurement (80fb-1):

σSM
ggF6.9 x (obs) 

σSM
ggF10 x (exp) 

95% CLs upper limit

Simultaneous fit to data for cross-section of the signal process and nuisance parameters 
modeling statistical and systematic uncertainties, using the CLs approach.
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Results of the ggF combination 
~Interpretation on resonant signal~
spin-0 spin-2

singlet extension hMSSM

First ATLAS interpretation of 
HH results within this model

Over double the Run 1 
exclusion in both mA and tanβ.

• The limits on the 
cross-section for each 
model are set close to 
the expected values. 

• Enlarged excluded 
region for spin-0/2 
models.

1906.02025
! /149
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• New channel in ATLAS addressing the 2l decay of HH→bbWW*/ZZ*/ττ 
• The analysis relies on a DNN classifier to distinguish the signal from the 
main backgrounds: Top, Z→e+e-/μ+μ-, and Z→ τ+τ-. 

• The four outputs of the DNN, are combined: 
• Observation is consistent with no enhanced di-Higgs production hypothesis. 
• The factor 10 improvement on previous bbWW result of upper limit at κλ=1.

Ghent, 11/07/2018 9

bbℓνℓν: results

Search for di-Higgs produc�on with ATLAS

 Observa�on is consistent with no enhanced di-Higgs produc�on hypothesis.

95% CL upper limit at kλ = 1 (SM)

F. Costanza

New!
Full Run2

Ghent, 11/07/2018 9

bbℓνℓν: results

Search for di-Higgs produc�on with ATLAS

 Observa�on is consistent with no enhanced di-Higgs produc�on hypothesis.

95% CL upper limit at kλ = 1 (SM)

F. Costanza

New!
Full Run2

ggF HH→bblvlvNew! 
Full Run2

dHH = ln ( pHH

pTop + pZ→ll + pZ→ττ )

! /1410



• The b-jet energy regression based on BDT is implemented to account for 
energy loss due to: 
-  Neutrinos in b-jets due to semi-leptonic B decays 
-  Soft particles result in out-of-cone leakage 

• Background: ~90% Multijet, ~10% ttbar 
- Data-driven estimation in CRs with reduced b-tagging.

VBF HH→4b
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σ                    mode                µ                                          
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after regression    113.15 GeV   118.98 GeV   14.57 GeV

ATLAS = 13 TeVsSimulation  

 0.75 ≈ 
nµ / nσ
rµ / rσ

 = 600 GeVHm

c
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ν

correct the energy loss 
(New in ATLAS HH analysis)

New! 
Full Run2

b jet

H

XHVBF jet

|η|=2.0• New VBF HH analysis in LHC, using the full 
Run-2 dataset 
- The VBF jet selections are added to di-Higgs 

selection from ggF resolved analysis. 
- The invariant mass of 4b is reconstructed.

ATLAS-
CONF-2019-030

! /1411
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• No significant deviation observed. Local 1.5σ 
excess at ~550 GeV is largest deviation and 
set limits near expected values. 

• World’s first limit on VVHH coupling strength: 
c2V < -1.02 and 2.71 < c2V is excluded with 
95% CLs. 

VBF HH→4b: Results

Spin-0 resonant 
production XS

Non-resonant 
production XS

New! 
Full Run2
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HL-LHC prospects on SM non-resonant
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Fig. 64: Left: upper limit at the 95% CL on the HH production cross section as a function of � =

�HHH/�SM
HHH. The red band indicated the theoretical production cross section. Right: expected likelihood

scan as a function of � = �HHH/�SM
HHH. In both figures the results are shown separately for the five

decay channels studied and for their combination.

experiment, the likelihoods for those two channels are scaled to 6000fb�1 in the combination. The signif-
icances are added in quadrature and the negative-log-likelihood are simply added together. A summary
of the different expected significances, as well as the combination, are shown in Table 57. A combined
significance of 4 standard deviation can be achieved with all systematic uncertainties included.

Table 57: Significance in standard deviations of the individual channels as well as their combination.

Statistical-only Statistical + Systematic
ATLAS CMS ATLAS CMS

HH ! bb̄bb̄ 1.4 1.2 0.61 0.95
HH ! bb̄⌧⌧ 2.5 1.6 2.1 1.4
HH ! bb̄�� 2.1 1.8 2.0 1.8
HH ! bb̄V V (ll⌫⌫) - 0.59 - 0.56
HH ! bb̄ZZ(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6

Combined Combined
4.5 4.0

Comparisons of the minimum negative-log-likelihoods for ATLAS and CMS are shown in Fig-
ure 65. In those plots the likelihoods for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels
are not scaled to 6000fb�1. A difference of shape between the two experiments can be seen around
the second minimum. This difference comes mainly from the HH ! bb̄�� channel as illustrated in
Figure 65b. In this channel both experiment use categories of the mHH distributions. But for ATLAS
the analysis was optimised to increase the significance of the SM signal so the low values of the mHH

distribution are cut by the selection cuts, while for CMS a category of events with low values of mHH

is very powerful to remove the second minimum, while having no effect on the SM signal. The lower
precision on � is slightly better for CMS thanks to the contribution of the HH ! bb̄bb̄ channel, as
well as the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) ones, while the higher precision on � is similar
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• HL-LHC will deliver ~3000 fb-1 at 14 TeV by 
late 2030’s 
• Latest HL-LHC projections published in the 
Yellow Report by a joint ATLAS+CMS+Theory 
effort.  
- HH→bbbb and HH→bbττ: Extrapolation 
from Run2 analysis 

- HH→bbγγ: Dedicated analysis with 
parametric smearing based on upgraded 
detector performance 

- Systematics are estimated with expected 
potential gains in technique 

• HH combination 
- No correlation considered (shown to have 
negligible impact). 

- Signal (SM) significance: 4σ expected for 
ATLAS+CMS 

- κλ measurement (assuming SM value): 
• 0.1 < κλ < 2.3 [95% CLs]

between the two experiments.
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Fig. 65: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+background fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standalone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.

The combined minimum negative-log-likelihoods are shown in Figure 66. The 68% Confidence
Intervals for � are 0.52  �  1.5 and 0.57  �  1.5 with and without systematic uncertainties
respectively. The second minimum of the likelihood is excluded at 99.4% CL. A summary of the 68%
CI for each channel in each experiment, as well as the combination are shown in Figure 66b.

3.3 Double Higgs measurements and trilinear coupling: alternative methods
3.3.1 Prospects for hh ! (bb̄)(WW

⇤) ! (bb̄)(`+`
�
⌫`⌫̄`)

39

In this section, we discuss the discovery prospects for double Higgs production in the hh ! (bb̄)(WW ⇤
)

channel. In order to increase sensitivity in the di-lepton channel [294, 295, 296], we propose a novel
kinematic method, which relies on two new kinematic functions, Topness and Higgsness [297]. They
characterise features of the major (tt̄) background and of hh events, respectively. The method also
utilises two less commonly used variables, the subsystem MT2 (or subsystem M2) [298, 299, 300] for
tt̄ and the subsystem

p
ŝmin (or subsystem M1) [301, 302, 300] for hh production. For any given event,

Topness [303, 297] quantifies the degree of consistency to di-lepton tt̄ production, where there are 6
unknowns (the three-momenta of the two neutrinos, ~p⌫ and ~p⌫̄) and four on-shell constraints, for mt, mt̄,
m

W
+ and m

W
� , respectively. The neutrino momenta can be fixed by minimising the quantity

�2
ij ⌘ min

/~pT =~p⌫T +~p⌫̄T

2
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39 Contacts: J. Han Kim, M. Kim, K. Kong, K.T. Matchev, M. Park
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Summary
• HH studies can access the SM higgs couplings and BSM physics. 
• A combination of all 2015-16 ATLAS analyses and two new analyses 
performed on the full LHC-Run2 dataset (bblνlν and VBF HH→4b) have 
been presented. 
- No observation for enhanced di-Higgs production has been found up to now. 
- The most stringent constraint on di-Higgs production cross-section (SM) is 
set and is 6.9(10) x σSMggF obs (exp). 

- The first constraint on VVHH coupling strength has been set:  
c2V < -1.02 and 2.71 < c2V is excluded with 95% CLs. 

- Limits on heavy spin-0/2 particles are set 
• Stay tuned for more & more results with the full Run-2 dataset. 
• The HL-LHC prospects at 3000 fb-1 at 14 TeV shows discovery significance of 
4σ and κλ measurement of 0.1 < κλ < 2.3 by ATLA+CMS. New channels, 
ideas for physics analysis, and improved detector performances can improve the 
measurement.
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