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2Motivation

The Higgs Boson exists … does it behave like we expect?

Today’s talk: exotic, prompt decays of the 125 GeV boson

Due to the tiny width of SM 
Higgs, tiny couplings to 

BSM can result in 
observable branching 
ratios.  Current “model 

independent” limits allow 
for BRs as large as O(10%).
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3Landscape of Searches
ATL-PHYS-PUB-2021-008
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Table 1: A summary of the most recent ATLAS results targeting exotic decays of the Standard Model Higgs boson H ! XY , where X is specified by the column in
the table and Y is specified by the row. SM indicates that the channel is one of the main Higgs boson characterization channels, Inv. stands for invisible (neutrinos
or other weakly interacting BSM), ` represents an electron or muon, and q represents a u,d, or s quark. LLP stands for ‘long lived particles’. White cells with
marked with an "–" indicate channels which are not covered by an ATLAS search. Blue cells are for partial Run 2 results, green cells represent full Run 2 results,
black cells represent forbidden (violate electric/color charge or baryon number conservation) or duplicate entries, and orange cells represent Run 1 results. The
results that contribute to the summary plots in this note are indicated with squares around the references. Note that the bb̄ + `+`� result is only bb̄ + µ+µ� and the
⌧+⌧� + `+`� result is only ⌧+⌧� + µ+µ�.
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h → X Y

See also https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-008/
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Today’s highlights:
bb,μμ 

bb, invisible 
four leptons 

lepton flavor violation

Strongest limits with leptons, 
then photons, then jets

See PUB-2021-008 for 2HDM 
model-dependent interpretations

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-2021-008/
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First: BSM 
decay products

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


Innovations: 
• mass matching 

(mbb = mμμ) 
• Signal sensitivity: 

• BDT per 8 GeV* 
• Background specificity: 

• BDT reweighting

6bb,μμ
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*N.B. assumes H → aa

N.B. bins are 
overlapping (so 

can’t just combine 
counts)
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1 Introduction19

Since its introduction, the Standard Model (SM) has successfully predicted several new particles, culminating20

in the discovery of the Higgs boson (H) [1, 2]. The H boson, discovered by ATLAS and CMS at the21

CERN Large Hadron Collider (LHC) [3], appears to have properties consistent with those predicted by the22

SM within current experimental uncertainties [4–6]. The 95% confidence level (CL) upper limit on the23

branching ratio for H boson decays to beyond-the-SM (BSM) particles, from a combined ATLAS and CMS24

measurement of the Higgs boson couplings, is 34% [6], although this limit comes with some assumptions.25

A more recent ATLAS-only measurement, based on 80 fb�1 of 13 TeV data [4], set a 95% CL upper limit26

of 21% on the branching ratio for H boson decays via undetected modes. Given the magnitude of these27

limits and the assumptions that go into deriving them, direct searches for exotic decays of the Higgs boson28

remain a high priority [7]. Among the many final states discussed in Ref. [7], this analysis most closely29

considers a scenario arising in the next-to-minimal supersymmetric SM (NMSSM) [8], a generalization of30

the minimal supersymmetric SM (MSSM) [9–13].31

The MSSM is the simplest extension to the SM that incorporates supersymmetry. It predicts four additional32

Higgs bosons, generally assumed to be heavier than the H boson: two neutral states, the H
0 and A

0 bosons,33

as well as two charged states, the H
± bosons. The measured mass of the Higgs boson [14, 15] close to34

125 GeV results in the reintroduction of a ‘little hierarchy’ problem [16] in the MSSM. This hierarchy is35

removed in the NMSSM by allowing for additional contributions to the mass of the Higgs boson from new36

scalar particles. The NMSSM contains an additional pseudoscalar Higgs boson (a), generally assumed to37

be less massive than the H boson since its mass is protected by a Peccei–Quinn symmetry [8].38

Previous searches for exotic Higgs boson decays involving the production of the a boson have focused39

on the R-symmetry limit [8] of the NMSSM, where the dominant decay channel is H ! aa [17–27]. As40

proposed in Refs. [28, 29], the present analysis considers instead the region of parameter space near the41

Peccei–Quinn (PQ) symmetry limit of the NMSSM. Near this limit, the decay H ! �̃0
2 �̃

0
1 ! a �̃

0
1 �̃

0
142

dominates over H ! aa, where �̃0
2 and �̃0

1 are the two lightest neutralinos, which are admixtures of the43

supersymmetric partners of the Higgs and gauge bosons of the SM. If the decay a ! bb is kinematically44

allowed, it is typically highly favoured.45

The analysis presented in this paper uses 139 fb�1 of pp collisions collected with the ATLAS detector. It46

targets the H ! �̃0
2 �̃

0
1 ! a �̃

0
1 �̃

0
1 cascade decay, where the a ! bb̄ decay dominates, and the H boson is47

produced in association with a Z boson. The Z boson is required in the analysis selection to decay into a48

pair of electrons or muons (hereafter referred to as leptons), which provide a signature to trigger upon and49

which reduce the multijet background.1 The resulting final state consists of a pair of oppositely charged50

leptons, two jets, each containing a b-hadron (b-jets), and missing transverse momentum (Emiss
T ) from the51

two �̃0
1 neutralinos. The search is performed for a range of m

a
values, and for a few sets of fixed values of52

m�̃0
1

and m�̃0
2
.53

The primary Standard Model backgrounds in this search are Z bosons produced with heavy-flavour (bottom54

and charm) jets, hereafter labelled Z+HF, and tt events; their contributions are estimated from the data in55

control regions enhanced in these backgrounds. The dijet invariant mass is used as the final discriminant in56

a binned likelihood fit.57

1 The contribution from Z ! ⌧+⌧� decays with the subsequent decays of the ⌧-leptons into light leptons is included in the signal
definition and simulation but is highly suppressed due to the event selection requirements.
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4.2 Event selection151

To select events consistent with the decay of the Higgs boson into a bb̄ pair plus E
miss
T , this analysis focuses152

on ZH production in which the leptonic decay of the Z boson into electrons or muons provides the trigger153

signature for the event.154

Events are required to have two leptons of the same flavour and opposite charge; events are rejected155

if any additional leptons are found. Events containing muons that are poorly reconstructed, with156

�(q/p)/|q/p| > 0.2 where q/p is the charge-to-momentum ratio, or muons from cosmic-ray background,157

with |d0 | > 0.2 mm or |z0 | > 1 mm, are also rejected.158

Events in the signal region (SR) are required to satisfy the following:159

• Dilepton invariant mass in the range 81 < m`` < 101 GeV160

• Dilepton pT with p
``
T > 40 GeV161

• At least two jets with pT > 20 GeV162

• E
miss
T > 100 GeV163

• Dijet invariant mass in the range 20 < m
j j
< 120 GeV, based on the two jets with the highest pT in164

the event, at least one of which must be b-tagged165

• A pT fraction (pfrac
T ), defined [28] as the scalar sum of the pT of the dijet system and E

miss
T divided166

by the dilepton pT, in the range:167

0.8 <
p
j j

T + E
miss
T

p
``
T

< 1.2

The requirement on p
frac
T is especially useful in reducing the tt background. Requiring only one b-tagged168

jet is a trade-o� between signal acceptance and background rejection. Although the dijet resonance search169

is mainly sensitive to decays of particles with masses in the range 20–65 GeV, the window for the dijet170

invariant mass extends to higher values to take into account the tail in the dijet invariant mass distribution171

that results from choosing a jet that does not come from a ! bb, and also to better constrain the background172

shape.173

In addition to the SR, two control regions are defined. A control region for Z+HF (CRZ) is defined with the174

same requirements as the SR except with 60 < E
miss
T < 100 GeV. A tt control region (CRTop) is defined175

with the same criteria as the SR but with the m`` requirement inverted (and m`` > 50 GeV). To validate the176

modelling of E
miss
T for the Z+HF processes, a validation region VRMET is defined with the same criteria177

as the SR except that the E
miss
T requirement is loosened to E

miss
T > 50 GeV and the dijet invariant mass178

requirement is m
j j
> 150 GeV.179

The selection criteria for the signal, control and validation regions are summarized in Table 2. The180

acceptance times e�ciency of the selection varies across the three dimensions of m
a
, m�̃0

1
, and m�̃0

2
, but is181

primarily a function of m
a

and varies from approximately 0.4% to 1.1%, depending on the configuration of182

the three masses.183

12th July 2021 – 15:45 6

Search for deviation in jj invariant mass 
from a decays.  Require at least one  
b-jet and suppress top background:

Only leptonic Z decays are considered

(Signal normalized to 100% BR)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-07/
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1 Introduction19

Since its introduction, the Standard Model (SM) has successfully predicted several new particles, culminating20

in the discovery of the Higgs boson (H) [1, 2]. The H boson, discovered by ATLAS and CMS at the21

CERN Large Hadron Collider (LHC) [3], appears to have properties consistent with those predicted by the22

SM within current experimental uncertainties [4–6]. The 95% confidence level (CL) upper limit on the23

branching ratio for H boson decays to beyond-the-SM (BSM) particles, from a combined ATLAS and CMS24

measurement of the Higgs boson couplings, is 34% [6], although this limit comes with some assumptions.25

A more recent ATLAS-only measurement, based on 80 fb�1 of 13 TeV data [4], set a 95% CL upper limit26

of 21% on the branching ratio for H boson decays via undetected modes. Given the magnitude of these27

limits and the assumptions that go into deriving them, direct searches for exotic decays of the Higgs boson28

remain a high priority [7]. Among the many final states discussed in Ref. [7], this analysis most closely29

considers a scenario arising in the next-to-minimal supersymmetric SM (NMSSM) [8], a generalization of30

the minimal supersymmetric SM (MSSM) [9–13].31

The MSSM is the simplest extension to the SM that incorporates supersymmetry. It predicts four additional32

Higgs bosons, generally assumed to be heavier than the H boson: two neutral states, the H
0 and A

0 bosons,33

as well as two charged states, the H
± bosons. The measured mass of the Higgs boson [14, 15] close to34

125 GeV results in the reintroduction of a ‘little hierarchy’ problem [16] in the MSSM. This hierarchy is35

removed in the NMSSM by allowing for additional contributions to the mass of the Higgs boson from new36

scalar particles. The NMSSM contains an additional pseudoscalar Higgs boson (a), generally assumed to37

be less massive than the H boson since its mass is protected by a Peccei–Quinn symmetry [8].38

Previous searches for exotic Higgs boson decays involving the production of the a boson have focused39

on the R-symmetry limit [8] of the NMSSM, where the dominant decay channel is H ! aa [17–27]. As40

proposed in Refs. [28, 29], the present analysis considers instead the region of parameter space near the41

Peccei–Quinn (PQ) symmetry limit of the NMSSM. Near this limit, the decay H ! �̃0
2 �̃

0
1 ! a �̃

0
1 �̃

0
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dominates over H ! aa, where �̃0
2 and �̃0

1 are the two lightest neutralinos, which are admixtures of the43

supersymmetric partners of the Higgs and gauge bosons of the SM. If the decay a ! bb is kinematically44

allowed, it is typically highly favoured.45

The analysis presented in this paper uses 139 fb�1 of pp collisions collected with the ATLAS detector. It46

targets the H ! �̃0
2 �̃

0
1 ! a �̃

0
1 �̃

0
1 cascade decay, where the a ! bb̄ decay dominates, and the H boson is47

produced in association with a Z boson. The Z boson is required in the analysis selection to decay into a48

pair of electrons or muons (hereafter referred to as leptons), which provide a signature to trigger upon and49

which reduce the multijet background.1 The resulting final state consists of a pair of oppositely charged50

leptons, two jets, each containing a b-hadron (b-jets), and missing transverse momentum (Emiss
T ) from the51

two �̃0
1 neutralinos. The search is performed for a range of m

a
values, and for a few sets of fixed values of52

m�̃0
1

and m�̃0
2
.53

The primary Standard Model backgrounds in this search are Z bosons produced with heavy-flavour (bottom54

and charm) jets, hereafter labelled Z+HF, and tt events; their contributions are estimated from the data in55

control regions enhanced in these backgrounds. The dijet invariant mass is used as the final discriminant in56

a binned likelihood fit.57

1 The contribution from Z ! ⌧+⌧� decays with the subsequent decays of the ⌧-leptons into light leptons is included in the signal
definition and simulation but is highly suppressed due to the event selection requirements.
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4.2 Event selection151

To select events consistent with the decay of the Higgs boson into a bb̄ pair plus E
miss
T , this analysis focuses152

on ZH production in which the leptonic decay of the Z boson into electrons or muons provides the trigger153

signature for the event.154

Events are required to have two leptons of the same flavour and opposite charge; events are rejected155

if any additional leptons are found. Events containing muons that are poorly reconstructed, with156

�(q/p)/|q/p| > 0.2 where q/p is the charge-to-momentum ratio, or muons from cosmic-ray background,157

with |d0 | > 0.2 mm or |z0 | > 1 mm, are also rejected.158

Events in the signal region (SR) are required to satisfy the following:159

• Dilepton invariant mass in the range 81 < m`` < 101 GeV160

• Dilepton pT with p
``
T > 40 GeV161

• At least two jets with pT > 20 GeV162

• E
miss
T > 100 GeV163

• Dijet invariant mass in the range 20 < m
j j
< 120 GeV, based on the two jets with the highest pT in164

the event, at least one of which must be b-tagged165

• A pT fraction (pfrac
T ), defined [28] as the scalar sum of the pT of the dijet system and E

miss
T divided166

by the dilepton pT, in the range:167

0.8 <
p
j j

T + E
miss
T

p
``
T

< 1.2

The requirement on p
frac
T is especially useful in reducing the tt background. Requiring only one b-tagged168

jet is a trade-o� between signal acceptance and background rejection. Although the dijet resonance search169

is mainly sensitive to decays of particles with masses in the range 20–65 GeV, the window for the dijet170

invariant mass extends to higher values to take into account the tail in the dijet invariant mass distribution171

that results from choosing a jet that does not come from a ! bb, and also to better constrain the background172

shape.173

In addition to the SR, two control regions are defined. A control region for Z+HF (CRZ) is defined with the174

same requirements as the SR except with 60 < E
miss
T < 100 GeV. A tt control region (CRTop) is defined175

with the same criteria as the SR but with the m`` requirement inverted (and m`` > 50 GeV). To validate the176

modelling of E
miss
T for the Z+HF processes, a validation region VRMET is defined with the same criteria177

as the SR except that the E
miss
T requirement is loosened to E

miss
T > 50 GeV and the dijet invariant mass178

requirement is m
j j
> 150 GeV.179

The selection criteria for the signal, control and validation regions are summarized in Table 2. The180

acceptance times e�ciency of the selection varies across the three dimensions of m
a
, m�̃0

1
, and m�̃0

2
, but is181

primarily a function of m
a

and varies from approximately 0.4% to 1.1%, depending on the configuration of182

the three masses.183
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Figure 1: Exotic Higgs boson decay to four leptons induced by intermediate dark vector bosons via (a) the hypercharge
portal (to which the ZX analysis is sensitive) and (b) the Higgs portal, where B is a dark Higgs boson [19] (to which
the HM and LM analyses are sensitive). The /3 gauge boson decays to SM particles through kinetic mixing with the
hypercharge field. The �//3 vertex factor is proportional to n whereas the �/3/3 vertex factor is proportional to
^. (c) illustrates the decay of a Higgs boson to dark Higgs scalars B or pseudoscalars 0 that couple to SM particles
through kinetic mixing with the SM Higgs field in models with an extended Higgs sector (Section 2.2).

2.2 Extended Higgs sectors135

Models containing two Higgs doublets and an additional scalar field (2HDM+S) [20, 75] are also relevant136

for the search � ! -- ! 4`. Two-Higgs-doublet models (2HDMs) generically contain two neutral137

scalars �1,2, two charged scalars �±, and one neutral pseudoscalar �. The lighter of the neutral scalars �1138

is identified as the observed Higgs boson, while the other states are constrained to be heavy by existing139

data [76, 77]. Adding a complex scalar singlet that mixes weakly with �1,2 gives two additional states,140

a scalar B and a pseudoscalar 0. If these are lighter than <�/2, then � ! 00 and � ! BB decays are141

allowed (Figure 1(c)). This paper probes the process � ! 00 ! 4`, but limits on � ! 00 ! 4` also142

apply to � ! BB ! 4`.143

The decays of the scalar and pseudoscalar to fermions are determined by their Yukawa couplings [20],144

implying that the branching ratio to electrons is very small, and that to muons is smaller than that of the /3145

vector bosons described previously. Branching ratios for � ! 00 and 0 ! `` can be significant in the146

range 2<` < <0 < 2<g , ranging from 10�2 to 10�1 in some regions of parameter space [20]. In 2HDMs,147

there are several possibilities for the Higgs sector to couple to fermions. Of these, type-III models (in148

which leptons and quarks couple to di�erent Higgs doublets) at large tan V are particularly interesting for149

these analyses. A light pseudoscalar can correspond to the '-symmetry limit of the NMSSM [78, 79],150

which reduces the need for fine-tuning and addresses the `-problem [80]. Searches for exotic decays of the151

Higgs boson to new light scalars or pseudoscalars have been carried out for a variety of mass ranges and152

final states with both LHC [41, 42, 44–49, 65, 81–86] and Tevatron [87] data.153
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Figure 1: Exotic Higgs boson decay to four leptons induced by intermediate dark vector bosons via (a) the hypercharge
portal (to which the ZX analysis is sensitive) and (b) the Higgs portal, where B is a dark Higgs boson [19] (to which
the HM and LM analyses are sensitive). The /3 gauge boson decays to SM particles through kinetic mixing with the
hypercharge field. The �//3 vertex factor is proportional to n whereas the �/3/3 vertex factor is proportional to
^. (c) illustrates the decay of a Higgs boson to dark Higgs scalars B or pseudoscalars 0 that couple to SM particles
through kinetic mixing with the SM Higgs field in models with an extended Higgs sector (Section 2.2).
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Other Many
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Table 1: A summary of the most recent ATLAS results targeting exotic decays of the Standard Model Higgs boson H ! XY , where X is specified by the column in
the table and Y is specified by the row. SM indicates that the channel is one of the main Higgs boson characterization channels, Inv. stands for invisible (neutrinos
or other weakly interacting BSM), ` represents an electron or muon, and q represents a u,d, or s quark. LLP stands for ‘long lived particles’. White cells with
marked with an "–" indicate channels which are not covered by an ATLAS search. Blue cells are for partial Run 2 results, green cells represent full Run 2 results,
black cells represent forbidden (violate electric/color charge or baryon number conservation) or duplicate entries, and orange cells represent Run 1 results. The
results that contribute to the summary plots in this note are indicated with squares around the references. Note that the bb̄ + `+`� result is only bb̄ + µ+µ� and the
⌧+⌧� + `+`� result is only ⌧+⌧� + µ+µ�.

4

h → X Y

See also https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults

Next: SM decay 
products

Partial Run 2
Full Run 2

Run 1

Uncovered
Forbidden/duplicate

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-008/
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marked with an "–" indicate channels which are not covered by an ATLAS search. Blue cells are for partial Run 2 results, green cells represent full Run 2 results,
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The future

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


15Sneak peak: custom tagging

Low-mass Higgs decay products have significant Lorentz-boost 
and thus the SM children are collimated, H → XX →(ff) (ff)

← Deep sets-based 
tagger using all 
tracks inside jets

We can define 
custom di-object 
taggers to push 

down to lower mass 
for bb, cc, 𝛾 𝛾, 𝜏 𝜏

ATL-PHYS-PUB-2021-027
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I have focused on new results 
given the limited time - please 
see the ATLAS HDBS public 
webpage for further details.

Today, I have presented the 
status of exotic decays of 
the 125 GeV Higgs Boson

There are still many uncovered possibilities - stay 
tuned for updates in this exciting research program!
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