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Introduction
• Exotic Higgs boson decays are a 

powerful probe for BSM physics 
• Very narrow Higgs decay width à

sensitivity to small couplings to 
non-SM particles

• Current measurements at the LHC 
constrain non-SM BR of the Higgs 
boson to less than 30% at 95% CL
o Ample room for exotic Higgs boson 

decays compatible with 
observations to date

o Motivation for direct searches for 
non-SM Higgs decays
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H

Four different topologies for the 
decay of the Higgs boson to a pair of 
spin-zero particles a or spin-1 Zd
decaying into a pair of SM particles:

(𝑏𝑏)(𝑏𝑏) arXiv:1806.07355
(𝑏𝑏)(𝜇𝜇) arXiv:1807.00539
𝑙𝑙 𝑙𝑙 : 4𝑒, 4𝜇, 2𝑒2𝜇 arXiv:1802.03388
(𝛾𝛾)(𝑔𝑔) arXiv:1803.11145

2015-2016 dataset at 𝑠� = 13	𝑇𝑒𝑉, 
integrated luminosity = 36.1 fb-1



Experimental handles and 
challenges
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Jet and lepton/photon 
isolation overlap

Lepton/photon 
cluster overlap

R≲0.2-0.4

R~0.05

• Mass constraints:
o 𝑚67 = 𝑚89

o 𝑚6789 = 𝑚:

• a-boson decay products are soft
o Often below reconstruction threshold

• For light a-bosons decays, the Lorentz 
boost can be large enough to lead to 
opening angles smaller than the 
angular size of physics objects
o Limit discovery reach at low a-boson mass in 

current analyses
o Need new reconstruction techniques using 

lepton/jet substructure to enhance sensitivity 
to low a-boson mass particles 

H

∆𝑅~4
𝑚>

𝑚:



𝑯 → 𝒂𝒂 → 𝟒𝒃
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• Higgs boson produced in 
association with a W or a Z boson

• a-boson decays into b-quarks 
promptly or with c𝜏a up to 6mm

Single lepton: 
𝑡𝑡̅ + 𝐻𝐹 𝑗𝑒𝑡𝑠

Dilepton: 
𝑍 + 𝐻𝐹 𝑗𝑒𝑡𝑠

• Events categorized according to 𝑛M, 𝑛N, 𝑛O
• Signal regions: ≥ 3𝑗,≥ 3𝑏
• Control regions populated by two main background processes



𝑯 → 𝒂𝒂 → 𝟒𝒃
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• BTDs trained in each SR and for three a-boson masses (20-30-50 GeV)
• b-jet pairs chosen to minimize 𝑚OO6 − 𝑚OO7
• Profile likelihood fit across all SR and CR. Normalization of backgrounds are allowed to float 
• Dominant uncertainties: heavy flavour tagging, background and signal modeling
• Combined observed upper limits for prompt decays: 3.0pb - 1.3pb
• Best limits for a-bosons with c𝜏a~0.4mm: 1.8pb - 0.68pb



𝑯 → 𝒂𝒂 → 𝒃𝒃𝝁𝝁
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• Dimuon signature
• triggering and mass reconstruction
• models with enhanced lepton 

couplings
• 𝑚SS invariant mass resolution is 10x 

better than 𝑚OO à use a kinematic 
fit exploiting the symmetry of 𝐻 → 𝑎𝑎
decays:
• 2x improvement in 𝑚OOSS resolution
• Require |𝑚OOSS − 𝑚:| < 15	𝐺𝑒𝑉

Lj. Morvaj H->aa->bbµµ

-11<ln(L)<-8
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Figure 2: The post-fit predicted and observed distributions for Emiss
T after the preselection and KLFit ln(L)>-8

constraint (left) and mµµ in the TCR (right). The ma = 40 GeV signal is also shown in the Emiss
T distribution and is

scaled down by a factor 0.01 from its expected yield assuming SM Higgs boson cross-section (including ggF, VBF
and VH productions) and Br(H!aa! bbµµ)=100%.

hadronisation/parton showering uncertainties are found to have the largest e�ect among all the uncertainties186

on the total tt̄ expectation in the signal region: ⇠ 18% and ⇠ 16%, respectively. Systematic uncertainties187

in the modelling of initial- and final-state radiation are assessed with P����� samples showered with two188

alternative settings of P����� �6.428. The first of these uses the PERUGIA2012radHi tune and has the189

renormalisation and factorisation scales set to twice the nominal value, resulting in more radiation in the190

final state. In addition, it has H���� set to 2 ⇥ mtop. The second sample, using the PERUGIA2012radLo191

tune, has hdamp = mtop and the renormalisation and factorisation scales are set to half of their nominal192

values, resulting in less radiation in the event. This uncertainty has about 5% e�ect on the estimated193

tt̄ yields. Finally, the uncertainties due to the choice of the parton-density functions (PDF) are evaluated194

by taking the maximum di�erence in the yields between ones obtained with the nominal CT10 set and the195

the alternative PDF4LHC15 set. The PDF uncertainty has up to 2% e�ect on the final tt̄ yields.196

In addition to the experimental uncertainties described above, the uncertainties on the theoretical cross197

sections are assigned to the minor backgrounds whose yields are taken directly from the MC – dibosons,198

single top, tt̄V, with 10%, 5% and 13% uncertainties applied to their next-to-leading order cross sections.199

A conservative 100% uncertainty is applied to the W+jets process to account for the limited precission of200

MC when modeling the non-prompt muons passing the isolation criteria. Due to the minor contribution201

of the W+jets background to the analysis this uncertainty has negligible e�ect.202

The systematic uncertainties applied to the data-driven DY template include the uncertainty on the shape203

of the template and the uncertainties due to the leading jet pT reweighting and MC subtraction. The204

uncertainty on the template shape was assessed by comparing the nominal template extracted from the205

DYTR with zero b-tagged jets to the template extracted from the corresponding region, but with exactly206

one b-tagged jet. Average per-bin discrepancy between the two templates in the mµµ distribution was207

taken as an overal uncertainty on the shape, amounting to 14%. A conservative uncertainty on the MC208

subtraction was derived by comparing the nominal template after the non-DY backgrounds have been209

subtracted to the template where no MC subtraction was performed. The e�ect of this systematic on210

the DY yields in the signal region is up to 4%. Similarly, the uncertainty on the jet pT reweighting was211

derived by comparing the nominal template after the reweighting to the template where no reweighting212
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was applied. This systematic has 0.8-6.8% e�ect on the estimated DY yields in the signal region.213

The systematic uncertainties on the modelling of the h ! aa signal samples that correspond to the214

choice of the PDF set, QCD scale variations, and the process of parton showering (PS) are evaluated, in215

addition to the production cross section uncertainties. The uncertainties amounting to 3.9% and 2.1%216

are applied to the ggF and VBF Higgs production cross-sections, respectively, following Ref. [33, 34].217

The renormalisation and factorisation scales are independently varied up and down from their nominal218

value by a factor two and the largest deviation is taken as the overal uncertainty due to the QCD scale.219

The parton-shower uncertainties are derived by independently shifting up and down the P����� internal220

parameters that are associated to the amount of initial state radiation (ISR) and final state radiation (FSR).221

Similarly to tt̄, the PDF are evaluated by taking the maximum di�erence in the yields between ones222

obtained with the nominal PDF set and the the alternative PDF4LHC15 and NNPDF3.0 PDF sets.223

Additionally, the ggF signal samples are compared to MC samples generated with NNLOPS which has224

NNLO+NNLL accuracy in the modeling of the Higgs pT and rapidity distributions. The P����� signal225

samples are found to model the Higgs rapidity distribution well, but predict the pT to be harder than the226

higher order generator. A reweighting is derived as a function of the Higgs pT by fitting the ratio of the227

two generated pT distributions with a continuous function. The ggF signal sample is then reweighted with228

this function to obtain the nominal signal prediction. A 2% di�erence observed between the weighted and229

unweighted sample is applied as a systematic uncertainty due to the reweighting.230

Small signal contribution of the Higgs boson produced in the association with a vector boson (VH) was231

taken into account by increasing the the total cross section of the ggF and VBF processes by an estimated232

3% VH contribution. A conservative 100% uncertainty is applied to the this procedure to account for233

kinematic di�erences between the estimated VH and the generated ggF and VBF processes.234

Table 1 shows a summary of the dominant systematic uncertainties on the total background and signal235

yields across multiple mµµ bins of the signal region.236

The final signal and background yields in each of the mµµ bins of the SR are determined by a profile237

likelihood fit to the data over the TCR, DYCR and the respective SR mass-bin. Both TCR and DYCR are238

considered as one bin each. The numbers of the observed and predicted events in each of the bins included239

in the likelihood are described by Poisson probability density functions. The free fit parameters are the240

signal strength and the overall normalisation factors for the tt̄ and Drell-Yan backgrounds. The systematic241

uncertainties are implemented as nuisance parameters constrained by Gaussian distributions with widths242

corresponding to the sizes of the uncertainties.243

In the background-only version of the fit only the data in TCR and DYCR are used to constrain the tt̄ and244

DY backgrounds and determine their normalisation factors. Signal MC is not included in the fit and any245

signal contribution to the control regions is neglected. The derived tt̄ (DY) normalisation factors are then246

applied to the number of tt̄ (DY) events as predicted by the simulation (template) in any of the SR or VR247

bins. Fig. 3 shows the post-fit mKL
bbµµ distribution across DYCR, SR and VR1 (left) and the KLFit ln(L)248

distribution across VR2 and SR (right). Both the normalisation and the shapes of the predicted background249

distributions describe the data well in all of the analysis control and validation regions (see also Table 3250

in the Appendix). The post-fit yields in five mµµ bins of the SR, for which the signal MC was generated,251

are shown in Table 2. The final discriminant, mµµ , in the signal region after the background-only fit is252

shown in Fig. 4 (left) along with the mKL
bb distribution on the right-hand side.253

Since no significant excess is found above the predicted background, one-sided upper limits on signal254

yields at 95% confidence level (CL) are derived for every mµµ bin of the SR . The mµµ distribution is255
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Figure 2: The post-fit predicted and observed distributions for Emiss
T after the preselection and KLFit ln(L)>-8

constraint (left) and mµµ in the TCR (right). The ma = 40 GeV signal is also shown in the Emiss
T distribution and is

scaled down by a factor 0.01 from its expected yield assuming SM Higgs boson cross-section (including ggF, VBF
and VH productions) and Br(H!aa! bbµµ)=100%.

hadronisation/parton showering uncertainties are found to have the largest e�ect among all the uncertainties186

on the total tt̄ expectation in the signal region: ⇠ 18% and ⇠ 16%, respectively. Systematic uncertainties187

in the modelling of initial- and final-state radiation are assessed with P����� samples showered with two188

alternative settings of P����� �6.428. The first of these uses the PERUGIA2012radHi tune and has the189

renormalisation and factorisation scales set to twice the nominal value, resulting in more radiation in the190

final state. In addition, it has H���� set to 2 ⇥ mtop. The second sample, using the PERUGIA2012radLo191

tune, has hdamp = mtop and the renormalisation and factorisation scales are set to half of their nominal192

values, resulting in less radiation in the event. This uncertainty has about 5% e�ect on the estimated193

tt̄ yields. Finally, the uncertainties due to the choice of the parton-density functions (PDF) are evaluated194

by taking the maximum di�erence in the yields between ones obtained with the nominal CT10 set and the195

the alternative PDF4LHC15 set. The PDF uncertainty has up to 2% e�ect on the final tt̄ yields.196

In addition to the experimental uncertainties described above, the uncertainties on the theoretical cross197

sections are assigned to the minor backgrounds whose yields are taken directly from the MC – dibosons,198

single top, tt̄V, with 10%, 5% and 13% uncertainties applied to their next-to-leading order cross sections.199

A conservative 100% uncertainty is applied to the W+jets process to account for the limited precission of200

MC when modeling the non-prompt muons passing the isolation criteria. Due to the minor contribution201

of the W+jets background to the analysis this uncertainty has negligible e�ect.202

The systematic uncertainties applied to the data-driven DY template include the uncertainty on the shape203

of the template and the uncertainties due to the leading jet pT reweighting and MC subtraction. The204

uncertainty on the template shape was assessed by comparing the nominal template extracted from the205

DYTR with zero b-tagged jets to the template extracted from the corresponding region, but with exactly206

one b-tagged jet. Average per-bin discrepancy between the two templates in the mµµ distribution was207

taken as an overal uncertainty on the shape, amounting to 14%. A conservative uncertainty on the MC208

subtraction was derived by comparing the nominal template after the non-DY backgrounds have been209

subtracted to the template where no MC subtraction was performed. The e�ect of this systematic on210

the DY yields in the signal region is up to 4%. Similarly, the uncertainty on the jet pT reweighting was211

derived by comparing the nominal template after the reweighting to the template where no reweighting212
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𝑯 → 𝒂𝒂 → 𝒃𝒃𝝁𝝁

• Top background, modeled using simulation, and Drell-Yan, estimated from 0-tag data templates 
are normalized in a profile likelihood fit to the data over the control and signal regions

• Dominant uncertainties: jet energy scale and resolution, signal and background modeling, and 
DY template

• Upper limits on YZ
Y[\

𝑥𝐵(𝐻 → 𝑎𝑎 → 𝑏𝑏𝜇𝜇) range between 10-4 and 10-3
7



4 lepton final states

8115 < 𝑚9M < 130	𝐺𝑒𝑉

𝛿𝑚 = |𝑚67 − 𝑚89|𝑚89 𝑚67a > 0.85

120 < 𝑚9S < 130	𝐺𝑒𝑉

• Benchmark models:
o Dark sector U(1)d à BSM vector boson Zd: 		𝑯 → 𝒁𝒅𝒁𝒅 → 𝟒𝒍
o Two Higgs doublet model extended by one complex scalar singlet 

field (2HDM+S) à BSM pseudoscalar boson a: 𝑯 → 𝒂𝒂 → 𝟒𝝁

𝟏𝟓 < 𝒎𝑿 < 𝟔𝟎	𝑮𝒆𝑽 𝟏 < 𝒎𝑿 < 𝟏𝟓	𝑮𝒆𝑽			(𝑿 → 𝝁𝝁)



4 lepton final states

• Dominant systematic uncertainties arise from lepton reconstruction and identification, 
MC background and signal modeling

• Low mass region suffer from heavy flavour backgrounds (double semileptonic decays)
9

4µ

𝑯 → 𝒂𝒂 → 𝟒𝝁𝑯 → 𝒁𝒅𝒁𝒅 → 𝟒𝒍



𝑽𝑩𝑭	𝑯 → 𝒂𝒂 → 𝜸𝜸𝒈𝒈
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• Final state relevant in models 
where the fermionic decays are 
suppressed à the a-boson only 
decays to photons or gluons

• VBF production mode has higher 
cross section than VH and 
provides experimental handles 
to suppress backgrounds

100 < 𝑚uuNN < 150	𝐺𝑒𝑉
𝑚NN − 𝑚uu < 12 − 24𝐺𝑒𝑉

Di-photon trigger
4 or more jets
VBF jet selection:
• 𝑚NNvwx>500 GeV
• Leading pT > 60 GeV

𝑚NN − 𝑚uu < 12	𝐺𝑒𝑉



Forward pileup jet tagging
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Use tracks in the central region to indirectly tag forward pileup jets (|𝜼| > 𝟐. 𝟓) 
exploiting angular correlations of QCD jets produced in pileup interactions

Broad impact on VBF physics analyses at ATLAS: factor of 4 improvement in 
signal purity for 𝑉𝐵𝐹	𝑍 → 𝜏𝜏 in the leptonic channel



𝑽𝑩𝑭	𝑯 → 𝒂𝒂 → 𝜸𝜸𝒈𝒈
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• Data driven ABCD background estimation (isolation, 𝑚NN − 𝑚uu )
• Dominant uncertainties: low number of observed events, jet energy scale and resolution
• Upper limits on YZ

Y[\
𝑥𝐵(𝐻 → 𝑎𝑎 → 𝛾𝛾𝑔𝑔) range between 0.06 and 0.16

• Search commentary to 𝐻 → 𝑎𝑎 → 𝛾𝛾𝛾𝛾 and more sensitive to scenarios with enhanced 
gluon couplings  

SM-like
couplings



Enhancing the discovery potential to low ma
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0.5 0.25 0.1DR=2m/pT

a b

b

Jet substructure

a 𝜸

𝜸
Exploit highly 
segmented EM 
calorimeter: 
isolated single 
photon clusters 
with substructure
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Summary
• Exotic Higgs boson decays are a powerful probe to search 

for physics beyond the Standard Model
• Several new searches for exotic decays of the Higgs boson 

to two light bosons have been pursued using 36.1 fb-1 of data 
in multiple final states (4𝑏, 𝑏𝑏𝜇𝜇, 4𝑙, 𝛾𝛾𝑗𝑗)

• Data found consistent with SM background predictions, 
leading to upper limits on the branching ratio for non-SM 
decays of the Higgs boson to two light bosons

• Several new experimental techniques will enhance the 
discovery potential to lower a-boson masses, exploiting the 
high granularity of the ATLAS EM Calorimeter and jet and 
photon substructure techniques 
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