
Searches for exotic decays of the Higgs boson
and additional scalar particles in ATLAS

Elliot Reynolds, for the ATLAS Collaboration

TeVPA 2021, 29th October 2021



Introduction 1
16

The discovery of a Higgs boson with a mass of about 125 GeV
completed the particle content of the Standard Model (SM) 3

Many observations are yet to be explained, and extensions to the
SM might address these shortcomings

Naturalness
Dark matter, perhaps via a Higgs portal
Baryon asymmetry
Diffuse gamma-ray excess from the galactic center
g − 2 anomaly

Many such models introduce additional Higgs-like bosons → unique
window for the discovery of beyond the SM (BSM) physics

ATLAS Higgs boson measurements set 21% upper limit at 95% CL
on Higgs boson decays to undetected final states

Small ΓSM
h125
→ possible large BSM branching fractions (B) 3

Searches are presented for BSM Higgs bosons and BSM 125 GeV
Higgs boson decays, many using 139 fb−1 of 13 TeV pp collision data

https://arxiv.org/abs/1501.05310
https://arxiv.org/abs/1806.05663
https://arxiv.org/abs/hep-ph/0509209
https://arxiv.org/abs/0705.2425
https://iopscience.iop.org/article/10.3847/1538-4357/aa6cab
https://www.epj-conferences.org/articles/epjconf/abs/2018/14/epjconf_fccp2018_01022/epjconf_fccp2018_01022.html
https://arxiv.org/abs/1703.07750
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002


H → XX/ZX → 4` Searches – Overview (1/2) 2
16

Target signal: new spin-0 or spin-1 bosons X

Possibly a CP-odd (CP-even) Higgs boson a (s), or a dark photon Zd

Searches:

Low-mass (LM): H → XX → 4µ (1 < mX < 15 GeV)
High-mass (HM): H → XX → 4` (15 < mX < 60 GeV), ` = e or µ
Single Z boson (ZX ): H → ZX → 4` (15 < mX < 55 GeV)

Triggers: single- and di-lepton

ATLAS-CONF-2021-034

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-034/


H → XX/ZX → 4` Searches – Overview (2/2) 3
16

Selection overview: quadruplets of same-flavour opposite-sign
di-lepton pairs, with minimum pT cuts, and H, X and Z
mass-compatibility requirements where relevant

m12 and m34 defined as invariant masses of di-leptons, with
|m12 −mZ | < |m34 −mZ |

Main backgrounds: H → ZZ ∗ → 4` and ZZ ∗ → 4`

Modelling: signal and main backgrounds modelled in Monte-Carlo
simulation (MC), with data-driven H → ZZ ∗ normalisation for ZX
search

Final discriminants: (m12 + m34)/2 for LM and HM searches, and
m34 for ZX search

Main uncertainties: data statistics in signal regions (SRs)

ATLAS-CONF-2021-034

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-034/


H → XX/ZX → 4` Searches – Results 4
16

Largest excess: HM search, mZd
= 28 GeV, 2.5 σ local significance

Model independent CLS upper limits at 95% CL set on fiducial cross
sections

Model dependent upper limits also calculated (backup)

ATLAS-CONF-2021-034

LM

HM ZX

LM+HM

ZX

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-034/


H → aa→ bbµµ Search – Overview 5
16

Target signal: a with 16 < ma < 62 GeV

Triggers: single- and di-muon

Selection overview: two opposite-sign muons,
two b-tagged jets, Emiss

T < 60 GeV, and
boosted decision tree (BDT)

Main backgrounds: tt̄ and DY + jets

Categorisation: SR, and two control regions
(CRs), one for each main background

Modelling: signal and tt̄ shape from MC,
DY + jets shape from a 0-b region in data with
Njet- and BDT-based corrections from MC,
main backgrounds normalised using data

Final discriminant: BDT and mµµ

Main uncertainties: data statistics

HDBS-2021-03

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-03/


H → aa→ bbµµ Search – Kinematic Likelihood-Fit 6
16

Kinematic likelihood fit corrects the jet energies by exploiting the
compatible invariant masses of the a→ µµ and a→ bb systems →
better four-body mass resolution and background rejection 3

110 < mKL
bbµµ < 140 GeV

ln(Lmax) > −8

HDBS-2021-03

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-03/


H → aa→ bbµµ Search – Results 7
16

Largest excess observed at ma = 52 GeV and corresponds to a local
(global) significance of 3.3 σ (1.7 σ)

Binned likelihood fit to event yield in mµµ bin in SR and in tt̄ CR,
and to mµµ distribution in DY + jets CR used to set CLS upper limits
at 95% CL on B(H → aa→ bbµµ)

Limits improved by a factor of 2–5 over the full mµµ range compared
to previous ATLAS search 3

HDBS-2021-03

https://www.sciencedirect.com/science/article/pii/S0370269318309717?via%3Dihub
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-03/


H → χ̃0
1χ̃

0
2 → χ̃0

1χ̃
0
1a→ bb +MET Search – Overview 8

16

Target signal: Z (``)H production, and
cascade decay through neutralinos χ̃0

1/2
and a, e.g. from Supersymmetry

Triggers: single electron or muon

h2

χ1

χ2

χ1

h
1 , a

1

f

f̄

Selection overview: di-lepton system compatible with Z , ≥ 2 jets
with ≥ 1 b-tag, Emiss

T > 100 GeV, 0.8 < (pjjT + Emiss
T )/p``T < 1.2

Main backgrounds: Z + HF and tt̄

Categorisation: SR, and CRs for Z + HF and tt̄ backgrounds

Modelling: Signal modelled using MC, and Z + HF and tt̄ estimates
from data CRs with MC-based corrections for SR/CR normalisations
and to Z + HF shape

Final discriminant: mjj, of two highest pT jets, with ≥ 1 b-tag

Main uncertainties: data statistics, background normalisation

HDBS-2018-07

arXiv:1309.6633 [hep-ph]

https://arxiv.org/abs/0910.1785
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-07/
https://arxiv.org/abs/1309.6633


H → χ̃0
1χ̃

0
2 → χ̃0
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0
1a→ bb +MET Search – Results 9
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Binned likelihood fit to mjj distribution used to set CLS upper limits
at 95% CL on B(H → χ̃0

1χ̃
0
2 → aχ̃0

1χ̃
0
1 → bbχ̃0

1χ̃
0
1) for a

three-dimensional scan of the χ̃0
1, χ̃0

2 and a masses

First direct LHC limits on this exotic Higgs boson decay 3

HDBS-2018-07

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-07/


tt → tH±b, H± → cb Search – Overview 10
16

Target signal: H± with 60 < mH± < 160 GeV

First search of its kind by ATLAS 3

Triggers: single-electron or single-muon

Selection overview: 1 electron or muon, ≥ 4
jets with ≥ 2 b-tag

Main background: tt̄ + HF

Categorisation: 9 Njet and Nb-tag categories

Modelling: MC used, with data-driven
correction for tt̄ background

Final discriminant: neural network (NN),
parameterised in mH±

Main uncertainties: c-tagging calibration,
light-jet mis-tagging rate, tt̄ NLO generator,
and tt̄ + HF normalisation

ATLAS-CONF-2021-037

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-037/


tt → tH±b, H± → cb Search – Results 11
16

Largest local (global) excess of 3 σ (1.6 σ) seen at mH± = 130 GeV

Binned likelihood fit to NN output or yield after NN cut in 6 event
categories used to set CLS upper limits at 95% CL

ATLAS-CONF-2021-037

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-037/


tt → tH±b, H± → WA, A→ µµ Search – Overview 12
16

Target signal: H± with 60 < mH± < 160 GeV
and A with 15 < mA < 75 GeV

Bosonic decay modes of H± were recently
described as “forgotten channels” 3

First search of its kind by ATLAS 3

Triggers: single- and di-muon

Selection overview: 1 electron, 2
opposite-sign muons, ≥ 3 jets with ≥ 1 b-tag

pT(µSS)/pT(µOS) > 0.2
No explicit H± reconstruction

Main background: tt̄

Categorisation: SR, and 3 CRs for tt̄,
Z + HF, tt̄Z

Modelling: MC used, with background
normalisations determined in data CRs

ATLAS-CONF-2021-047

https://arxiv.org/abs/2103.07484
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-047/


tt → tH±b, H± → WA, A→ µµ Search – Results 13
16

Final discriminant: mµµ

Main uncertainties: data statistics, tt̄ and tt̄Z normalisations, tt̄
hard-scatter and parton shower modelling, MC statistics

No significant excess observed, with largest excess being 1.24 σ

ATLAS-CONF-2021-047

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-047/


tt → tH±b, H± → WA, A→ µµ Search – Limits 14
16

Likelihood fit to event yield in single mµµ bins used to set CLS upper
limits at 95% CL on B(t → bH±)× B(H± →W±A)× B(A→ µµ)

First lower limits on tanβ in the mH± , mA space of the type-I
2HDM set using 2HDMC, under scenarios for mH and m2

12 3

ATLAS-CONF-2021-047

https://arxiv.org/abs/1104.5563
https://arxiv.org/abs/1312.5571
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-047/


Summary Plots 15
16

ATL-PHYS-PUB-2021-008 and ATL-PHYS-PUB-2021-030

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-030/


BSM Higgs Sector Searches Not Presented 16
16

Incomplete list of additional ATLAS BSM Higgs sector searches

Channel Luminosity Result

H0 → γγ 139 fb−1 Mass-dependent limits
tbH±,H± → tb 139 fb−1 Limits in range 0.036–3.6 pb
H−H++ →W−ZW+W+ 139 fb−1 Limits up to 230 GeV
H−−H++ →W−W−W+W+ 139 fb−1 Limits up to 350 GeV
A→ ZH0 → ``(bb/WW ) 139 fb−1 Limits in range 6.2–380/23–8900 fb
H0 → ZZ → ``(``/νν) 139 fb−1 Limits in range 1.9–87 fb for spin-0 H0 in NWA
H → aa→ bbbb 36 fb−1 Limits as stringent as 0.71 pb
H → Za→ ``j 139 fb−1 Limits in range 17–340 pb
H0 → ττ 139 fb−1 MSSM tanβ-dependent limits

H0 is a heavy BSM Higgs boson
H is the observed 125 GeV Higgs boson
Limits are CLS upper limits at 95% CL

https://arxiv.org/abs/2102.13405
https://arxiv.org/abs/2102.10076
https://arxiv.org/abs/2101.11961
https://arxiv.org/abs/2101.11961
https://arxiv.org/abs/2011.05639
https://arxiv.org/abs/2009.14791
https://arxiv.org/abs/2005.12236
https://arxiv.org/abs/2004.01678
https://arxiv.org/abs/2002.12223


Backup Slides



Searches in this talk have limits set at the 95% confidence level (CL)
using the CLS procedure

The test statistic used is based on the profile likelihood ratio

Asymptotic formulae are often used

https://iopscience.iop.org/article/10.1088/0954-3899/28/10/313
https://arxiv.org/abs/1007.1727
https://arxiv.org/abs/1007.1727


H → XX/ZX → 4` Searches





























































H → aa→ bbµµ Search





























































tt → tH±b, H±→
WA, A→ µµ Search



tt̄ CR: same-sign muons

Z + HF CR: 78 < mµµ < 102 GeV, electron pT < 20 GeV

tt̄Z CR: 78 < mµµ < 102 GeV, electron pT > 20 GeV

VR: no requirements on sign of muons, 30 < meµ < 110 GeV for the
electron and leading muon



































tt → tH±b, H±→ cb
Search
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Summary Plots: Exotic Higgs
Boson Decays





























Summary Plots: hMSSM
Interpretations








