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Trilinear Higgs 
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SM  λ ~ 0.1324/08/21
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Beyond the Standard Model Effects
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Heavy 
scalars

Kaluza-Klein 
Gravitons 

Several others...

BSM resonances predicted 
to decay to HH...

BSM physics that can 
alter non-resonant HH 

production...

Rich theoretical basis to search for BSM 
effects in the HH production!

So far, no such BSM effects have been  observed 
experimentally.

New particles 
contributing in 

loops

New couplings of 
Higgs to SM 

particles

Modifications to 
the Higgs 

self-coupling
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HH Production at the LHC

James Grundy

ggF HH production, σ = 31.1 fb†

VBF HH production, σ = 1.73 fb†

Resonant ggF HH production

...

†for √s = 13 TeV with mH = 125 GeV

Total HH production σ = 34.4 fb†, which is ~1000 times smaller than σH!

24/08/21
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ATLAS HH Analyses

James Grundy

HH decay branching ratiosHH analyses in ATLAS focus primarily on setting 
limits on σHH, couplings involving HH and BSM 
resonance models.

There are several HH analyses targeting 
different decay channels → overall aim: combine 
results to maximise sensitivity.

Today, will cover the latest results from:

HH → bbγγ
HH → bbττ
HH → bbbb

All use the full ATLAS Run 2 (2015-18) dataset
(ℒ = 139 fb-1) at √s = 13 TeV.

24/08/21

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/


HH → bbγγ

Publication: ATLAS-CONF-2021-016
Physics briefing: https://atlas.cern/updates/briefing/twice-higgs-twice-challenge
 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.cern/updates/briefing/twice-higgs-twice-challenge
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Analysis Overview
Non-resonant: search for HH production for κλ hypotheses in range -10 to 10 (SM = 1).
Resonant: search for a narrow-width scalar resonance with mass between 251-1000 GeV.

James Grundy

Low HH BR at ~0.3%, but clean signal due to H→γγ.
Pertinent H Decay Modes
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Analysis Overview
Non-resonant: search for HH production for κλ hypotheses in range -10 to 10 (SM = 1).
Resonant: search for a narrow-width scalar resonance with mass between 251-1000 GeV.

James Grundy

di-photon 
triggers

Selected 
events with  2 
photons and 2 
b-tagged jets

Model sig/bkg 
with functions 
fit to data to 

test 
hypotheses!

Main bkg is yy+jets, with 
some ttyy, fakes and single H 

Low HH BR at ~0.3%, but clean signal due to H→γγ.
Pertinent H Decay Modes

Dominant analysis 
uncertainty is statistical!

24/08/21

Use MVA to 
separate 

HH sig from 
bkg
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Categorisation defined 
based on HH mass

A BDT is trained in each mass 
category to separate sig and bkg.
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Low mass 
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Details of  Non-Resonant Analysis
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Four categories:
low/high mass x

loose/tight BDT score.

Categorisation defined 
based on HH mass

A BDT is trained in each mass 
category to separate sig and bkg.

Extra categorisation defined based on 
BDT score: “loose” and “tight”

Low mass 
category

High mass 
category

loose
tight

24/08/21



27

Non-Resonant Results
No significant excesses over background observed → set limits1 on σHH and κλ.

James Grundy

Limit on σHH [fb] Limit on μ

Obs’ (Exp’) 130 (180) 4.1 (5.5)

1at the 95% CLs.
2HH→bbγγ, ℒ = 36fb-1.24/08/21
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Non-Resonant Results
No significant excesses over background observed → set limits1 on σHH and κλ.

James Grundy

Limit on σHH [fb] Limit on μ

Obs’ (Exp’) 130 (180) 4.1 (5.5)

1at the 95% CLs.

5-fold improvement on previous analysis2!

~3-fold due to analysis improvements
e.g. m*bbyy categories, MVA event selection, 

improved object reco/calibration.
2HH→bbγγ, ℒ = 36fb-1.24/08/21
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Resonant Results
No significant excesses over background observed → set upper limits1 on σ for narrow 
width scalar resonances at the various mass hypotheses tested. 
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For 251 ≤ mX ≤ 1000 GeV, obs’ (exp’) 
varies between 610–47 fb (360–43 fb)

2HH→bbγγ, ℒ = 36fb-1.1at the 95% CLs.24/08/21
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Resonant Results

James Grundy

For 251 ≤ mX ≤ 1000 GeV, obs’ (exp’) 
varies between 610–47 fb (360–43 fb)

2 to 3-fold improvement on previous 
analysis2 depending on mX.

~⅓ due to analysis improvements!

2HH→bbγγ, ℒ = 36fb-1.1at the 95% CLs.24/08/21

No significant excesses over background observed → set upper limits1 on σ for narrow 
width scalar resonances at the various mass hypotheses tested. 



HH → bbττ

Publication: ATLAS-CONF-2021-030
Physics briefing: https://atlas.cern/updates/briefing/two-Higgs-better-one

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.cern/updates/briefing/two-Higgs-better-one
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Analysis Overview

James Grundy

Non-resonant: search for SM non-resonant HH production.
Resonant: search for a narrow-width scalar resonance with mass in range 251 to 1600 GeV.

Pertinent H Decay Modes

Balance of moderate HH BR of ~7.3% and relatively clean ττ signature. 

24/08/21
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Non-resonant: search for SM non-resonant HH production.
Resonant: search for a narrow-width scalar resonance with mass in range 251 to 1600 GeV.
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Analysis Overview

James Grundy

Two initial 
categories:
τhadτhad
τlepτhad

Further split τlepτhad SR:
Single Lepton Trigger (SLT)
Lepton Tau Trigger (LTT) 

Three signal regions in total! 

Pertinent H Decay Modes

Balance of moderate HH BR of ~7.3% and relatively clean ττ signature. 

τs can decay 
hadronically or 
leptonically...

24/08/21

Non-resonant: search for SM non-resonant HH production.
Resonant: search for a narrow-width scalar resonance with mass in range 251 to 1600 GeV.
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Analysis Overview
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Modelled true τ 
bkg using MC. 
Modelled fake 
contribution 
using data.

Main background is top, 
Z+jets and multijet.
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MVA Parameterised 
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Analysis Overview
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Used suite of 
MVAs to 

separate sig 
from bkg

Modelled true τ 
bkg using MC. 
Modelled fake 
contribution 
using data.

Fit templates 
to data to 

test 
hypotheses!

Variable of 
interest is MVA 

score

Resonant
Non-Resonant

τhadτhad τlepτhad 

MVA Parameterised 
NN (mX) BDT NN

Main background is top, 
Z+jets and multijet.
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Non-Resonant Results
No significant excesses over background observed → set upper limits1 on σHH.

James Grundy 2HH→bbττ, ℒ = 36fb-1.

Obs’ (Exp’) Limit on σHH [fb] Limit on μ

τhadτhad 145 (131) 4.9 (4.5)

τlepτhad 265 (231) 9.0 (7.9)

Combined 135 (114) 4.7 (3.9)

1at the 95% CLs.24/08/21
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Non-Resonant Results
No significant excesses over background observed → set upper limits1 on σHH.

James Grundy 2HH→bbττ, ℒ = 36fb-1.

Obs’ (Exp’) Limit on σHH [fb] Limit on μ

τhadτhad 145 (131) 4.9 (4.5)

τlepτhad 265 (231) 9.0 (7.9)

Combined 135 (114) 4.7 (3.9)

4-fold improvement on previous SM limits2.

~2-fold due to analysis improvements
e.g. MVA event selection, improved fake 

estimate, object reco/calibration.

Dominant uncertainty is statistical.
Largest systematic is background modelling.

1at the 95% CLs.24/08/21
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Resonant Results
At mX = 1 TeV, a small excess of local significance 3.0σ and a global significance 2.0 (+0.4, −0.2) σ 
was observed.

James Grundy 2HH→bbττ, ℒ = 36fb-1.

largest excess!

1at the 95% CLs.

τhadτhad is 
most sensitive 
at lower mX

τhadτhad and τlepτhad 
are ~equally sensitive at 

higher mX

24/08/21



HH → bbbb

Publication: ATLAS-CONF-2021-035
Physics briefing: https://atlas.cern/updates/briefing/double-Higgs-to-bottoms

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/
https://atlas.cern/updates/briefing/double-Higgs-to-bottoms
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Analysis Overview
Resonant: search for narrow-width scalar resonance and spin-2 Kaluza-Klein Graviton† resonance 
with mass in range 251-3000 GeV. 

James Grundy

Resolved
Mass range: 251-1500 GeV

b

bb

b

Two 
categories:

Reconstruct small radius jets

Largest HH BR (~34%) but dominant multijet background → data-driven background estimate. 

Reconstruct large 
radius jets

Boosted
Mass range: 900-3000 GeV

b

b

b

b

†from the Randall-Sundrum model where k / Mpl = 1 24/08/21
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Resolved Analysis Overview

James Grundy

Fully 
data-driven 
bkg model

24/08/21

4b 2b

Build 4b bkg 
from 2b

Small-R 
non-b-tagged

PFlow jet

Small-R
b-tagged
PFlow jet
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Resolved Analysis Overview
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Fully 
data-driven 
bkg model

Derive weights in CR by 
mapping to 2b to 4b

Apply weights to 2b SR to 
get background estimate!

2b

24/08/21

4b 2b

Build 4b bkg 
from 2b

Small-R 
non-b-tagged

PFlow jet

Small-R
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Resolved Analysis Overview

James Grundy

Fully 
data-driven 
bkg model

Derive weights in CR by 
mapping to 2b to 4b

Apply weights to 2b SR to 
get background estimate!

2b

24/08/21

4b 2b

Small-R 
non-b-tagged

PFlow jet

Small-R
b-tagged
PFlow jet

Fit templates 
to data to 

test 
hypotheses!

Build 4b bkg 
from 2b
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Boosted Analysis Overview

James Grundy

Categorise 
based on the 
no. of track 

jets and their 
tag

Build 4b bkg from 2b2f,
3b from 2b1f,
2b from 1b1f!

Large-R PFlow jet
b-tagged track jet non-b-tagged track jet

24/08/21
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Boosted Analysis Overview

James Grundy

Categorise 
based on the 
no. of track 

jets and their 
tag

Up to 30% tt. 
multijet: 

data-driven
tt: MCb-tagged track jet non-b-tagged track jet

Region definitions slightly 
different from Resolved

24/08/21

Build 4b bkg from 2b2f,
3b from 2b1f,
2b from 1b1f!

Large-R PFlow jet
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Boosted Analysis Overview

James Grundy

Categorise 
based on the 
no. of track 

jets and their 
tag

Up to 30% tt. 
multijet: 

data-driven
tt: MC

Fit templates 
to data to 

test 
hypotheses!

b-tagged track jet non-b-tagged track jet

Region definitions slightly 
different from Resolved

24/08/21

Build 4b bkg from 2b2f,
3b from 2b1f,
2b from 1b1f!

Large-R PFlow jet
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HH → bbbb Results

James Grundy

No significant excesses above background observed → set upper limits† on σ for two models 
at various mass hypotheses.

Resolved is sensitive 
at low mass

Boosted is sensitive 
at high mass

Graviton model excluded for 
masses 298-1440 GeV!

Combined in overlap region
24/08/21 †at the 95% CLs.
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Results Summary
ATL-PHYS-PUB-2021-031

James Grundy

Non-Resonant SM HH production Scalar resonance

Individual channels showing improvement over 
36fb-1 combination!

bbyy 
dominates 
at low mX

bbττ 
dominates at 
medium mX

bbbb 
dominates 
at high mX

24/08/21

http://cdsweb.cern.ch/record/2777013/files/ATL-PHYS-PUB-2021-031.pdf
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Looking Forward...
ATL-PHYS-PUB-2020-005

James Grundy

Projections for High Luminosity LHC (HL-LHC) with 3ab-1 of data based 
on 36fb-1 HH analyses (not those shown today!):

~21 x as much as full Run 2 dataset!

24/08/21

https://cds.cern.ch/record/2713377/files/ATL-PHYS-PUB-2020-005.pdf?version=1
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Looking Forward...
ATL-PHYS-PUB-2020-005

James Grundy

Projections for High Luminosity LHC (HL-LHC) with 3ab-1 of data based 
on 36fb-1 HH analyses (not those shown today!):

Future is bright for HH searches in ATLAS in the near future and beyond!

~21 x as much as full Run 2 dataset!

24/08/21

https://cds.cern.ch/record/2713377/files/ATL-PHYS-PUB-2020-005.pdf?version=1
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Likelihood function for bbγγ:
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68James Grundy 24/08/21



69James Grundy 24/08/21



70James Grundy 24/08/21



71James Grundy 24/08/21



72James Grundy 24/08/21



73James Grundy 24/08/21



74James Grundy 24/08/21



HH → bbττ



76James Grundy 24/08/21



77James Grundy 24/08/21



78James Grundy 24/08/21



79James Grundy 24/08/21



80James Grundy 24/08/21



81James Grundy 24/08/21



82James Grundy 24/08/21



83James Grundy 24/08/21



84James Grundy 24/08/21



85James Grundy 24/08/21



86James Grundy 24/08/21



87James Grundy 24/08/21



88James Grundy 24/08/21



89James Grundy 24/08/21



HH → bbbb



91James Grundy 24/08/21



92James Grundy 24/08/21



93James Grundy 24/08/21



94James Grundy 24/08/21



95James Grundy 24/08/21



96James Grundy 24/08/21



97James Grundy 24/08/21


