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Di-Higgs Searches

Di-Higgs production is an allowed, rare process in the SM - 33 fb at 13
TeV.

Standard Model
I Destructive interference

between diagrams.
I Opportunity to probe the

Higgs trilinear coupling
directly.

Beyond Standard Model
I Non-resonant enhancement

in many BSM models.
I Modifications to
κλ = λHHH/λSM .

Very interesting place to
investigate the Higgs sector.

James Frost (University of Oxford) Higgs Couplings 2018 Friday 30th November 2018 1 / 35



Di-Higgs Final States

Rich
phenomenology.
ATLAS & CMS
have dedicated
analysis for each
sensitive final
state.
Most sensitive
usually have high
branching ratio
and/or low
backgrounds.

Will be focusing on recent results with 36 fb−1 of 13 TeV data.
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Outline

Di-Higgs Searches
◦ HH→ bb bb
◦ HH→ ττ bb
◦ HH→ γγ bb
◦ HH→WW ∗ bb
◦ Di-Higgs combinations

Conclusions & Outlook

ATLAS also has searches in
the γγWW ∗

[arXiv:1807.08567] and
WW ∗WW ∗ channels
[arXiv:1811.11028].
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https://arxiv.org/abs/1807.08567
https://arxiv.org/abs/1811.11028


Di-Higgs searches in the 4b final state
ATLAS HH→bbbb - 36 fb−1 [arXiv:1804.06174]

Non-resonant search uses
‘resolved’ channel:

Construct two Higgs boson
candidates from the 4 jets
identified most probably to
contain a b-hadron.
Two-b-jet triggers used.
Dominant background is
multijet events, estimated by a
data-driven method

I Shape estimated by a region
with fewer b-tagged jets.

t t̄ and multijet normalisation
determined simultaneously
from 3 enriched data samples.
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https://arxiv.org/pdf/1804.06174.pdf


A candidate resolved 4b event in 2016.
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ATLAS HH→bbbb - 36 fb−1 [arXiv:1804.06174]

Limit on SM non-resonant
di-Higgs production stronger
than expected, due to deficit
about mHH ∼ 400 GeV.
Dominant uncertainty in the
data-driven background
normalisation and shape.
Observed (exp.) 95% CL
upper limit σ(pp→HH→bbbb)
< 147 (234) fb. σHH /σSM

HH limits:
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https://arxiv.org/pdf/1804.06174.pdf


CMS Non-resonant Search for 4b [arXiv:1810.11854]

Final state of 4 identified
b-jets.
B-jet identification and jet
substructure techniques.
Train BDT on jet, HH-decay
kinematic and global event
variables.
Background model created by
hemisphere mixing technique
applied to signal region
events, validated in data
control regions.
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https://arxiv.org/pdf/1810.11854.pdf


CMS Non-resonant Search for 4b [arXiv:1810.11854]

Two component fits to the
binned BDT discriminant yield
an upper limit on signal events
and HH cross-section.
Dominant systematics are
those on the shape (30%) and
normalisation (8.6%) of the
background model.
BDT discriminant values > 0.2
used for limit setting.
Observed (Exp.) 95% CL
upper limit σHH /σSM

HH = 75 (37).
Cross-section limits (fb):
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https://arxiv.org/pdf/1810.11854.pdf


Di-Higgs Search to ττbb - ATLAS [PRL 121 191801]

Select final states with an e/µ and
hadronically-decaying τ candidate
(τhad ) or two τhad candidates, in
association with two b-jets and
Emiss

T .
I Yields two search

channels(τlepτhad and τhadτhad )
with several discriminating
kinematic variables.

I τlepτhad further split by trigger:
single lepton / lepton + τ .

I Dominant backgrounds: t t̄ and
Z+hf constrained at low BDT
score and by enriched control
regions.

I BDT distributions in the 3 signal
regions are fit.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801


Di-Higgs Search to ττbb - ATLAS [PRL 121 191801]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801


CMS Search for HH→bbττ [PLB 778(2018)101]

Select events with 1+ isolated
τhad with a second lepton of
opposite charge (e/µ or τhad ).
Categorise according to 1/2
b-jets.
Boosted category for events
with a Higgs-bb jet candidate.
BDT discriminant trained on
kinematic variables used to
reduce the t t̄ background in
the semi-leptonic channel.

Z/γ∗+jets and multijet processes estimated with control regions.
MT2 used for signal-background separation - bounded by the top
mass for t t̄ processes.
Observed (Expected) 95% CL upper limit σHH /σSM

HH = 30(25).
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http://dx.doi.org/10.1016/j.physletb.2018.01.001


Di-Higgs searches in γγbb - CMS [arXiv:1806.00408]

Perform a 2D fit of the diphoton
and di(b)jet invariant mass
distributions.
Estimate the nγ+jet continuum
from the mass sidebands.
Single Higgs production
contributes to the background.
Further event classification
according to the HH pair reduced
mass, and the purity.
Signal purity estimated by a BDT
using jet b-tagging scores, the HH
system helicity angles and H
candidate pT .
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http://arxiv.org/pdf/1806.00408


CMS Search in γγbb [arXiv:1806.00408]

High-mass, high purity
category dominates for SM
non-resonant production.
Analysis is statistically limited -
largest systematic from signal
shape functional form.
Observed (expected) 95% CL
upper limit σ(pp→HH→ γγbb)
< 2.0 fb (1.6 fb), 24 (19)x σSM

HH .
95% CL limits on coupling:
−11 < κλ < 17.
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http://arxiv.org/pdf/1806.00408


ATLAS Di-Higgs search in bbγγ [JHEP 11(2018)040]

Select events with 2 isolated
photons and two jets with an
invariant mass compatible with
mH and at least one b-tag.
Categorise according to the
number of b-tagged jets.
Kinematic selection further
optimised for SM non-resonant
HH production; second looser
selection for non-SM
couplings.
The diphoton mass spectrum
is fit. (Control region used for fit function optimisation)
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https://link.springer.com/article/10.1007/JHEP11(2018)040


ATLAS Di-Higgs search in bbγγ [JHEP 11(2018)040]

Good agreement between the data
and the background expectation.
Best-fit Higgs boson pair
cross-section consistent with zero in
loose/tight selection.

95% CL limits on coupling:
−8.2 < κλ < 13.2, in line with
expectation.
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https://link.springer.com/article/10.1007/JHEP11(2018)040


Di-Higgs Searches for bbWW
CMS search in the bblνlν final state [JHEP01(2018)054]

Covers HH→bbWW→bblνlν
and HH→bbZZ→bblνlν
processes.
Large irreducible background
from t t̄ and Drell-Yan
processes.
Deep Neural Network used to
aid discrimination of signal
against background.
No significant excess over
background prediction.
Observed (exp.) 95% CL
upper limit σ(pp→HH→bblνlν)
< 72 (81) fb, 79x (89x) σSM

HH .
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http://dx.doi.org/10.1007/JHEP01(2018)054


ATLAS WWbb search for bblνqq [arXiv:1811.04671]

First ATLAS look at 1-lepton final
state.
Select events passing e/µ
triggers, with two b-tagged jets,
construct W boson candidate from
untagged jets, reconstruct Wlept
with l+Emiss

T .
Further kinematic requirements
suppress t t̄ ; constraints from data
control regions.
Observed 95% CL upper limit
σ(pp→HH→bblνqq) < 2.5 pb,
∼ 300xσSM

HH , (same exp. limit)
Coupling limit: −11 < κλ < 17 at
95% CL.
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https://arxiv.org/pdf/1811.04671


ATLAS Search in WW ∗WW ∗ [arXiv:1811.11028]

Search for final states
with 2 SS, 3 or 4
leptons.
Z veto applied in
2-,3-lepton selection.
Irreducible EW
backgrounds dominate.

Non-prompt backgrouds estimated from ‘anti-tight’ selections.
No significant excess observed.
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http://arxiv.org/abs/1811.11028


Combining di-Higgs Results
ATLAS & CMS CMS-PAS-HIG-17-030 ATLAS-CONF-2018-043

ATLAS and CMS have both
recently combined their most
sensitive di-Higgs channels.

I ATLAS: bbbb, bbττ , bbγγ
I CMS: bbγγ, bbττ , bbbb,

bbWW

SM Higgs boson decay
branching fractions are
assumed.

CMS Combination
Observed upper limit slightly
weaker than expectation, due
to upward data fluctuations.
Combined observed (exp.)
upper limit: 22.22 (12.8) σSM

HH .
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-030/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/


Towards the Higgs Coupling
CMS combinations CMS-PAS-HIG-17-030

Dominant systematics
inherited from the channels:
∼ 10% (bbbb, bbττ ), ∼ 5%
(bbγγ).
Exclusion limits primarily
follow the HH production
cross-section (e.g. larger c-s
for κλ < 0, so stronger limit).

Minimum at maximal destructive interference between the two
diagrams.
Weaker limits where the mHH spectrum is softer.
95% CL observed (expected) limit on κλ: −11.8 < κλ < 18.8
(−7.1 < κλ < 13.6)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-030/index.html


Towards the Higgs Coupling
ATLAS combinations ATLAS-CONF-2018-043

All other couplings set to SM values.
HH →bbττ BDT trained on κλ = 20
for sensitivity across κλ.
HH →bbγγ, less stringent selection
used to keep sensitivity to lower
pHiggs

T at high κλ.
For each κλ value, the kinematic
distributions, signal acceptances and
the mHH spectrum are computed.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/


Conclusions and Outlook

The LHC and the ATLAS and CMS
experiments are performing very well
during LHC Run-2.
Wide range of results available using
13 TeV data from 2015 & 2016.
The di-Higgs programs at ATLAS and
CMS are very active across a broad
range of final states.
Not sensitive to SM production yet,
but limits from combinations
increasingly stringent.

Much to come in the future, Run-3 and HL-LHC
I ATLAS and CMS now have ∼ 150 fb−1 of data recorded from LHC

Run-2.
I Many powerful 13 TeV results to come!
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BACKUP SLIDES
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Signal Acceptance with κλ ATLAS-CONF-2018-043

HH→bbbb HH→bbττ HH→bbγγ
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-043/


ATLAS HH→bbbb - 36 fb−1 [arXiv:1804.06174]
Varying κλ
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CMS Non-resonant Search for 4b [arXiv:1810.11854]
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https://arxiv.org/pdf/1810.11854.pdf


Di-Higgs Search to ττbb - ATLAS [PRL 121 191801]
Varying κλ
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801


Di-Higgs Search to ττbb - ATLAS [PRL 121 191801]
BDT variables
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801


Di-Higgs Search to ττbb - ATLAS [PRL 121 191801]
Yields
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801


Di-Higgs Search to ττbb - ATLAS [PRL 121 191801]
Systematics
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801


CMS Search for HH→bbττ [PLB 778(2018)101]
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http://dx.doi.org/10.1016/j.physletb.2018.01.001


ATLAS Di-Higgs search in bbγγ [JHEP 11(2018)040]
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https://link.springer.com/article/10.1007/JHEP11(2018)040


CMS Search in γγbb [arXiv:1806.00408]
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http://arxiv.org/pdf/1806.00408


CMS Search in γγbb [arXiv:1806.00408]
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http://arxiv.org/pdf/1806.00408


ATLAS Search in WW ∗WW ∗ [arXiv:1811.11028]

Two-lepton selection

Three-lepton selection

Four-lepton selection
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http://arxiv.org/abs/1811.11028

