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•  Exotic Higgs Decays sub-group twiki:  
-  https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay 

 
 
•  In this talk: 

-  Overview of recent experimental and theory results covering Exotic decays of the 125 
GeV Higgs 

-  Only most recent results will be presented (published after last 16th Workshop of the 
LHCHXS group in November 2019) 

Introduction 

2	  

slide 24 

contact persons 



Exotic H: prompt decays 
•  Many searches proposed in Exotic Higgs decay paper (1312.4992, PRD 90 (2014)). 

How we stand now, 7 years later? 

•  H to SS to 4 fermions: pretty good coverage with 4b, 2b + 2lepton, 4 lepton (taus & muons) 
-  e.g. ATLAS 1806.07355; CMS 1812.06359; CMS 2005.08694 

•  H to SS to 4 gauge bosons: some searches for 2 photon + 2 gluon, 4 photons 
-  e.g. ATLAS 1509.05051, ATLAS 1803.11145   

•  H to two dark photons, Z + A’: extensive searches with leptonic decays of dark photon 
-  e.g. ATLAS 1802.03388, CMS 1812.00380, ATLAS 2004.01678 

•  Flavor violating decays: h ➝ l l’, e.g. ATLAS 1909.10235, CMS 1911.10267 

•  What are the gaps? 
-  Partially visible signatures, like h ➝ bb + MET 
D.Curtin et al, 1312.4992, PRD 90 (2014) 
-  High multiplicity decays like h ➝ ss ➝ A’A’A’A’, h ➝ NN ➝ 6f 
e.g. E.Izaguirre, D.Stolarski, 1805.12136, PRL 121 (2018) 
-  Interesting more exotic flavour violation like h ➝ e+e-µ+µ- 

J.Evans, P.Tanedo, M.Zakeri, 1910.07533, JHEP 01 (2020) 
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*	  See	  Brian’s	  Shuve	  talk	  in	  Higgs	  2020:	  “Exo<c	  Higgs	  decays”	  
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2HDM+s Type I and Type II, tanβ=5 
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	  h	  →	  aa	  →	  bbττ	  

h	  →	  aa	  →	  µµττ	  

•  Model-dependent results: assume BR(a ➝ XX) 

 
•  Very recent CMS interpretations of BR (a ➝ XX) limits as a function of tanβ:

H ➝ aa: summary 

4	  CMS:	  hDps://twiki.cern.ch/twiki/bin/view/CMSPublic/Summary2HDMSRun2	  

Theory	  calcula<ons	  from	  
JHEP3	  (2018)	  178	  



H ➝ aa ➝ (µµ)(ττ), boosted
•  Pseudo-scalar mass between 3.6 and 21 GeV; form 

two pairs of boosted systems (arXiv:2005.08694). 
•  2D un-binned fit to the m(µµ) x m (µµτhτµ) 

spectrum. 
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H ➝ aa ➝ 4b (merged) 
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H→aa→4b (merged)
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• Targeting low-mass region (15<ma<30 GeV) where b-jets are overlapping (2005.12236)
‣ First search in this mass range tagging merged b-jets

• Complementary to the resolved analysis sensitive to 25<ma<60 GeV range (1806.07355) 
• Developed dedicated low-mass a→bb tagger

‣ Using multivariate technique with substructure
‣ Calibrated in data using g→bb events

trigger on leptons from Z

merged 2b jets

mH=125 GeV

15<ma<30 GeV



H ➝ Za ➝ (2e/µ) jj 
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H→Za→(2e/µ) (jj)
• Targeting 500 MeV<ma<4 GeV  (2004.01678)

‣ Using multivariate technique to tag the merged a→jj
‣ Select a calo jet ∆R=0.4, using tracks and substructure variables to build MLPs

• Limits set on                                         assuming 100%  a→gg or a→ss
• Interpretation for                 &                  also provided
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The structure of the Standard Model (SM) scalar sector is the subject of intense scrutiny by the ATLAS [1]
and CMS [2] collaborations at the CERN Large Hadron Collider (LHC) [3]. At the current level of
precision, all of the measured properties of the Higgs boson (H) [4, 5] are found to be consistent with their
SM predictions [6–10], and no additional Higgs boson has been observed to date. However, given the small
natural decay width of the Higgs boson, even small additional contributions from physics beyond the SM
can lead to final states with substantial, and thus possibly detectable, branching fractions (B) [11]. This
Letter presents a search for Higgs boson decays into a Z boson and a hadronically decaying light resonance
in events with a same-flavor lepton pair (electrons or muons) and a jet in the ATLAS detector. Hadronic
decays of an ⌘

c

or of a J/ charmonium resonance (Q), or of a light spin-0 boson from an extended Higgs
sector with a mass up to 4 GeV are considered, and are reconstructed as a single jet.

The Yukawa sector of the SM [12] does not provide an explanation for the observed fermion mass hierarchy.
As a result, a wide range of new physics scenarios have been proposed, including the Froggatt–Nielsen
mechanism [13] and the Higgs-dependent Yukawa couplings model [14]; for a recent overview, see Ref. [15].
The couplings of the Higgs boson to the third-generation fermions [16–21] have been observed, and a
program to probe its couplings to the first- and second-generation charged leptons has been established [22–
25]. For its couplings to first- and second-generation quarks, several approaches are being explored.
Focusing on the Higgs boson’s coupling to the charm quark, direct searches have been performed for
Higgs boson decays into charm quarks [26, 27], and for exclusive decays into a J/ and a photon [28,
29], with no excess observed. Constraints from di�erential cross section measurements of Higgs boson
production versus transverse momentum (pT) have also been derived [30, 31]. Higgs boson decays into
a gauge boson and a charmonium state, including an ⌘

c

or a J/ , have been proposed as another way
to access the coupling of the Higgs boson to the charm quark [32–34], and to probe the nature of the
Higgs boson [35]. This search follows the last approach, and maximizes the signal acceptance by focusing
on inclusive hadronic final states of the mesons in H ! Z⌘

c

and H ! Z J/ decays, which have SM
branching fractions of 1.4 ⇥ 10�5 and 2.2 ⇥ 10�6 [35], respectively.

While the SM posits a single complex Higgs doublet field [36, 37], extended Higgs sectors are motivated [38]
and provide a rich phenomenology of additional scalars. Two such models discussed here are the two-
Higgs-doublet model (2HDM) [11, 39] and the 2HDM with an additional scalar singlet (2HDM+S) [11,
40]. These represent two of the simplest extensions of the scalar sector, and with their Type-II fermion
couplings they are necessary to generate the masses in the minimal supersymmetric SM (MSSM) and
the next-to-minimal supersymmetric SM (NMSSM), respectively [41]. Both of these models can include
additional light pseudoscalars (a) with significant B(H ! Za) or B(H ! aa) [11]. In the 2HDM(+S),
these two B values can be adjusted independently, therefore searches for H ! aa do not constrain
B(H ! Za) so that searches for the latter decay are required [11, 34]. Despite the Yukawa nature of
the a to fermion couplings, there are large regions of parameter space depending on the mass of a and
the ratio of the vacuum expectation values of the two Higgs doublet fields (tan �) [11], where these
pseudoscalars decay mainly to gluons and light up-type quarks, and the decays into down-type fermions
are suppressed. These experimental signatures are also relevant in axion models [42–44], models of
electroweak baryogenesis [45], neutrino mass models [46], dark-matter models [46, 47], and models of
grand unification [48]. Previous searches for Higgs boson decays into light scalars have been performed at
the Tevatron [49] and the LHC [50–59]. However, these were mostly focused on searches for H ! aa, in
final states including leptons, photons or bottom quarks. By targeting the H ! Za, a ! hadrons decay
channel, this search accesses new, previously unexplored regions of the parameter space.

Searches for hadronic decays of light resonances are challenging at the LHC due to the large multijet
background. However, substantial progress has been made in the use of jet substructure techniques in
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Figure 2: Invariant mass of the lepton pair plus jet system, for data, background and three signal hypotheses. Events
are required to pass the complete event selection, including the MLP output variable requirement, but not the
120 GeV < m``j < 135 GeV requirement. The background normalization is defined by the background estimate in
the signal region, and the signal normalizations assume the SM Higgs boson inclusive production cross section and
B(H ! Za) = 100%. The error bars (dashed regions) represent the data (MC) sample statistical uncertainty, in both
the histograms and the ratio plots. The region between the dashed lines is the signal region.

Table 1: Expected and observed 95% CL upper limits on �(pp ! H)B(H ! Za)/pb. These results are quoted for
B(a ! gg) = 100% and B(a ! ss̄) = 100% for each signal sample.

a mass [GeV]
a ! gg a ! ss̄

Exp Obs Exp Obs

0.5 16+6
�5 17

0.75 19+7
�5 20

1.0 17+7
�5 18

1.5 20+8
�6 22 19+7

�5 20
2.0 26+10

�7 27 23+9
�6 24

2.5 38+15
�11 40 32+12

�9 33
3.0 75+29

�21 78 65+25
�18 68

3.5 110+40
�30 120

4.0 320+130
�90 340
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SR. An initial data-driven background estimate in the SR is calculated as D = BC/A, then MC samples,
reweighted to match data, are used to correct this estimate for the 13% correlation between the m``j and M
variables. This reweighting is performed in the pT of the calorimeter jet, the number of ghost-associated
tracks and U1(0.7). This background estimate is 82400 ± 2900 events in the SR, where the uncertainty
is due to the limited data and MC sample statistics. The background estimation method is found to be
consistent with data within 1.7 times the total statistical and systematic uncertainty in 14 validation regions,
defined in regions of the m``j and M variables.

A measure of �(pp ! H)B(H ! Z(Q/a)) is extracted for a given signal hypothesis using a maximum-
likelihood fit [103] to the number of events observed in the SR. The systematic uncertainties are included
in the likelihood fit as nuisance parameters which modify the signal e�ciencies or the simulation-based
correction used to calculate the expected background yield. These systematic uncertainties include
uncertainties in the signal and background modeling, and experimental uncertainties. The sources of
modeling uncertainty include the limited MC sample statistics, renormalization scale and choice of MC
generator for the signal and background, and a signal uncertainty to account for the extrapolation from
gluon-gluon fusion signal samples to the inclusive Higgs boson production cross section. The e�ects
of factorization scale and PDF uncertainties are found to be negligible. The experimental uncertainties
considered are due to the luminosity [104], pileup [105], triggers and lepton [81, 106, 107] and jet [96]
reconstruction. The total uncertainty on the extracted signal yield is dominated by the background modeling
uncertainties, the largest being due to limited MC sample statistics. The total uncertainty on the background
in the SR is 3700 events, where the uncertainty due to the limited data and MC sample statistics is 2900
and the modeling uncertainty is 2300. The data statistical uncertainty corresponds to approximately 8% of
the total uncertainty on the extracted signal yield.

The SR contains 82908 data events. This result is compatible with the SM background-only expectation,
and the three-body mass distribution is shown in Figure 2. Upper limits at 95% confidence level (CL) are
set on �(pp ! H)B(H ! Z(Q/a)) for the various signal hypotheses, using the profile-likelihood test
statistic [103] and the CLs technique [108]. The observed (expected) upper limits for the H ! Z⌘

c

and
H ! Z J/ hypotheses are 110 pb and 100 pb (100+40

�30 pb and 100+40
�30 pb), respectively, while the upper

limits for the H ! Za signal hypotheses are given in Table 1. In the absence of systematic uncertainties,
these limits would range between 1.9 pb and 55 pb for the di�erent signal hypotheses. To simplify the
interpretation, the upper limits are quoted for B(a ! gg) = 100% and B(a ! ss̄) = 100%. Due to
the Yukawa-ordering of the decays of Higgs bosons, only decays into gluon and strange quark pairs are
considered. The tighter limits for the a ! ss̄ decays are due to a higher MLP selection e�ciency. The
systematic uncertainties for a ! gg and a ! ss̄ decay hypotheses are estimated using the inclusive decays
as modeled in P����� 8, which is a good approximation due to the dominance of the background modeling
uncertainties. This assumption allows a limit to be set on the decay of a into gg or ss̄ final states, in any
ratio, by using a weighted sum of the two limits.

In conclusion, a search has been performed for Higgs boson decays into a Z boson and either a ⌘
c

or
J/ charmonium state, or a light spin-0 boson. No excess is found, and 95% CL upper limits are set
on �(pp ! H)B(H ! Z(Q/a)), with values of 110 pb and 100 pb for the H ! Z⌘

c

and H ! Z J/ 
hypotheses, respectively, and with values in the range 17 pb to 340 pb for the H ! Za signal hypotheses.
Assuming the SM prediction for inclusive Higgs boson production, the limits on charmonium decay modes
correspond to branching fraction limits in excess of 100%. This is the first direct limit on hadronic decays
of a non-SM Higgs boson with a mass below 4 GeV. Due to the large value of B(a ! hadrons) over the
entire 2HDM(+S) parameter space, these limits represent tight, direct constraints for low (high) tan � in
the Type-II and Type-III (Type-VI) 2HDM+S [109].
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The structure of the Standard Model (SM) scalar sector is the subject of intense scrutiny by the ATLAS [1]
and CMS [2] collaborations at the CERN Large Hadron Collider (LHC) [3]. At the current level of
precision, all of the measured properties of the Higgs boson (H) [4, 5] are found to be consistent with their
SM predictions [6–10], and no additional Higgs boson has been observed to date. However, given the small
natural decay width of the Higgs boson, even small additional contributions from physics beyond the SM
can lead to final states with substantial, and thus possibly detectable, branching fractions (B) [11]. This
Letter presents a search for Higgs boson decays into a Z boson and a hadronically decaying light resonance
in events with a same-flavor lepton pair (electrons or muons) and a jet in the ATLAS detector. Hadronic
decays of an ⌘

c

or of a J/ charmonium resonance (Q), or of a light spin-0 boson from an extended Higgs
sector with a mass up to 4 GeV are considered, and are reconstructed as a single jet.

The Yukawa sector of the SM [12] does not provide an explanation for the observed fermion mass hierarchy.
As a result, a wide range of new physics scenarios have been proposed, including the Froggatt–Nielsen
mechanism [13] and the Higgs-dependent Yukawa couplings model [14]; for a recent overview, see Ref. [15].
The couplings of the Higgs boson to the third-generation fermions [16–21] have been observed, and a
program to probe its couplings to the first- and second-generation charged leptons has been established [22–
25]. For its couplings to first- and second-generation quarks, several approaches are being explored.
Focusing on the Higgs boson’s coupling to the charm quark, direct searches have been performed for
Higgs boson decays into charm quarks [26, 27], and for exclusive decays into a J/ and a photon [28,
29], with no excess observed. Constraints from di�erential cross section measurements of Higgs boson
production versus transverse momentum (pT) have also been derived [30, 31]. Higgs boson decays into
a gauge boson and a charmonium state, including an ⌘

c

or a J/ , have been proposed as another way
to access the coupling of the Higgs boson to the charm quark [32–34], and to probe the nature of the
Higgs boson [35]. This search follows the last approach, and maximizes the signal acceptance by focusing
on inclusive hadronic final states of the mesons in H ! Z⌘

c

and H ! Z J/ decays, which have SM
branching fractions of 1.4 ⇥ 10�5 and 2.2 ⇥ 10�6 [35], respectively.

While the SM posits a single complex Higgs doublet field [36, 37], extended Higgs sectors are motivated [38]
and provide a rich phenomenology of additional scalars. Two such models discussed here are the two-
Higgs-doublet model (2HDM) [11, 39] and the 2HDM with an additional scalar singlet (2HDM+S) [11,
40]. These represent two of the simplest extensions of the scalar sector, and with their Type-II fermion
couplings they are necessary to generate the masses in the minimal supersymmetric SM (MSSM) and
the next-to-minimal supersymmetric SM (NMSSM), respectively [41]. Both of these models can include
additional light pseudoscalars (a) with significant B(H ! Za) or B(H ! aa) [11]. In the 2HDM(+S),
these two B values can be adjusted independently, therefore searches for H ! aa do not constrain
B(H ! Za) so that searches for the latter decay are required [11, 34]. Despite the Yukawa nature of
the a to fermion couplings, there are large regions of parameter space depending on the mass of a and
the ratio of the vacuum expectation values of the two Higgs doublet fields (tan �) [11], where these
pseudoscalars decay mainly to gluons and light up-type quarks, and the decays into down-type fermions
are suppressed. These experimental signatures are also relevant in axion models [42–44], models of
electroweak baryogenesis [45], neutrino mass models [46], dark-matter models [46, 47], and models of
grand unification [48]. Previous searches for Higgs boson decays into light scalars have been performed at
the Tevatron [49] and the LHC [50–59]. However, these were mostly focused on searches for H ! aa, in
final states including leptons, photons or bottom quarks. By targeting the H ! Za, a ! hadrons decay
channel, this search accesses new, previously unexplored regions of the parameter space.

Searches for hadronic decays of light resonances are challenging at the LHC due to the large multijet
background. However, substantial progress has been made in the use of jet substructure techniques in
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8	  L. Morvaj ATLAS input for LHCHXS workshop (WG3 exotic H decays) �4

H→Za→(2e/µ) (jj)
• Targeting 500 MeV<ma<4 GeV  (2004.01678)

‣ Using multivariate technique to tag the merged a→jj
‣ Select a calo jet ∆R=0.4, using tracks and substructure variables to build MLPs

• Limits set on                                         assuming 100%  a→gg or a→ss
• Interpretation for                 &                  also provided
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correspond to branching fraction limits in excess of 100%. This is the first direct limit on hadronic decays
of a non-SM Higgs boson with a mass below 4 GeV. Due to the large value of B(a ! hadrons) over the
entire 2HDM(+S) parameter space, these limits represent tight, direct constraints for low (high) tan � in
the Type-II and Type-III (Type-VI) 2HDM+S [109].
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The structure of the Standard Model (SM) scalar sector is the subject of intense scrutiny by the ATLAS [1]
and CMS [2] collaborations at the CERN Large Hadron Collider (LHC) [3]. At the current level of
precision, all of the measured properties of the Higgs boson (H) [4, 5] are found to be consistent with their
SM predictions [6–10], and no additional Higgs boson has been observed to date. However, given the small
natural decay width of the Higgs boson, even small additional contributions from physics beyond the SM
can lead to final states with substantial, and thus possibly detectable, branching fractions (B) [11]. This
Letter presents a search for Higgs boson decays into a Z boson and a hadronically decaying light resonance
in events with a same-flavor lepton pair (electrons or muons) and a jet in the ATLAS detector. Hadronic
decays of an ⌘

c

or of a J/ charmonium resonance (Q), or of a light spin-0 boson from an extended Higgs
sector with a mass up to 4 GeV are considered, and are reconstructed as a single jet.

The Yukawa sector of the SM [12] does not provide an explanation for the observed fermion mass hierarchy.
As a result, a wide range of new physics scenarios have been proposed, including the Froggatt–Nielsen
mechanism [13] and the Higgs-dependent Yukawa couplings model [14]; for a recent overview, see Ref. [15].
The couplings of the Higgs boson to the third-generation fermions [16–21] have been observed, and a
program to probe its couplings to the first- and second-generation charged leptons has been established [22–
25]. For its couplings to first- and second-generation quarks, several approaches are being explored.
Focusing on the Higgs boson’s coupling to the charm quark, direct searches have been performed for
Higgs boson decays into charm quarks [26, 27], and for exclusive decays into a J/ and a photon [28,
29], with no excess observed. Constraints from di�erential cross section measurements of Higgs boson
production versus transverse momentum (pT) have also been derived [30, 31]. Higgs boson decays into
a gauge boson and a charmonium state, including an ⌘

c

or a J/ , have been proposed as another way
to access the coupling of the Higgs boson to the charm quark [32–34], and to probe the nature of the
Higgs boson [35]. This search follows the last approach, and maximizes the signal acceptance by focusing
on inclusive hadronic final states of the mesons in H ! Z⌘

c

and H ! Z J/ decays, which have SM
branching fractions of 1.4 ⇥ 10�5 and 2.2 ⇥ 10�6 [35], respectively.

While the SM posits a single complex Higgs doublet field [36, 37], extended Higgs sectors are motivated [38]
and provide a rich phenomenology of additional scalars. Two such models discussed here are the two-
Higgs-doublet model (2HDM) [11, 39] and the 2HDM with an additional scalar singlet (2HDM+S) [11,
40]. These represent two of the simplest extensions of the scalar sector, and with their Type-II fermion
couplings they are necessary to generate the masses in the minimal supersymmetric SM (MSSM) and
the next-to-minimal supersymmetric SM (NMSSM), respectively [41]. Both of these models can include
additional light pseudoscalars (a) with significant B(H ! Za) or B(H ! aa) [11]. In the 2HDM(+S),
these two B values can be adjusted independently, therefore searches for H ! aa do not constrain
B(H ! Za) so that searches for the latter decay are required [11, 34]. Despite the Yukawa nature of
the a to fermion couplings, there are large regions of parameter space depending on the mass of a and
the ratio of the vacuum expectation values of the two Higgs doublet fields (tan �) [11], where these
pseudoscalars decay mainly to gluons and light up-type quarks, and the decays into down-type fermions
are suppressed. These experimental signatures are also relevant in axion models [42–44], models of
electroweak baryogenesis [45], neutrino mass models [46], dark-matter models [46, 47], and models of
grand unification [48]. Previous searches for Higgs boson decays into light scalars have been performed at
the Tevatron [49] and the LHC [50–59]. However, these were mostly focused on searches for H ! aa, in
final states including leptons, photons or bottom quarks. By targeting the H ! Za, a ! hadrons decay
channel, this search accesses new, previously unexplored regions of the parameter space.

Searches for hadronic decays of light resonances are challenging at the LHC due to the large multijet
background. However, substantial progress has been made in the use of jet substructure techniques in
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New benchmark: ALPs 
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hDps://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWGExo<cDecay/Thamm_ALP_Signatures.pdf	  



H ➝ XX / ZX ➝ ( ll )( ll ) 
•  Search for low-mass di-lepton resonances in 4e, 2e2µ, 4µ final states (arXiv:2005.08694). 
•  Backgrounds: Higgs and ZZ from simulation, non-prompt background from fake-lepton 

method. 
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H ➝ XX / ZX ➝ ( ll )( ll ) 
•  The search reports constraints on: 

-  Model-independent branching fraction, model parameters in dark photon model, model 
parameters in ALP model 
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H ➝ J/ψ J/ψ and H ➝ YY 
•  In 4-muon final state; dedicated di-muon+J/ψ, trimuon+Y triggers in 2017 (arXiv:1905.10408) 
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H ➝ Zρ and H ➝ Zφ
•  Four final states targeted: µµππ, µµKK, eeππ, eeKK (arXiv: 2007.05122). 

 
 
 
•  B(H➝Zρ)lim ≈ 1-1.9% 
(710-1360 x SM expectation) 
 
•  B(H➝Zφ)lim ≈ 0.5-0.92% 
(1190-2190 x SM expectation)  
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Higgs + long-lived 
•  Long-Lived Particle (LLP) searches are very promising right now:  

-  LLPs provide exciting discovery avenues for new physics in view of LHC Run3 

•  Recently published LLP white paper (arXiv:1903.04497, J.Phys.G 47 (2020)) takes a 
comprehensive look at coverage / gaps in LLP signatures, including from Higgs decay 
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•  Higgs exotic decays 
characterized by low 
transverse momentum final 
states  

•  Challenging to trigger and 
reconstruct! 

•  Motivates new searches, 
triggers, detectors 



Higgs + long-lived 
•  Where coverage is currently pretty solid: 

-  LLP produced in Higgs decays and decaying to muons (some coverage of other flavor 
combinations too) 

     ATLAS, 1808.03057, PRD 99 (2019); CMS, 1409.4789, PRL 114 (2015); ATLAS, 1504.05162, PRD 92 (2015) 

-  Multiple lepton jets (collimated sprays of leptons + pions) 
          ATLAS, 1909.01246, EPJC 80 (2020) 

-  1 or 2 LLPs produced in Higgs decays and decaying hadronically, provided they live 
long enough to reach HCAL and/or MS 

          ATLAS, 1911.12575, PRD 101 (2020) 

 
•  What are the major gaps / opportunities to-date: 

-  Leptonically decaying LLPs with low pT, different flavor combinations 
-  Hadronically decaying LLPs with proper lifetimes < 0.1m 
-  Hadronically decaying taus from LLPs  
-  High multiplicities (6-8 final-state particles!), including Majorana neutrinos (3-body, 

semi-leptonic decays) 
-  Compressed scenarios (e.g. inelastic dark matter) 
-  Delayed photons (little to no MET), photon jets  
-  Emerging jets & dark showers 
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*	  See	  Brian’s	  Shuve	  talk	  in	  Higgs	  2020:	  “Exo<c	  Higgs	  decays”	  
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LLP decays: H ➝ displaced jets 
•  Built as model independent search covering a 

large variety of BSM models. 
•  Strategy: 

-  Displaced-jet triggers to lower HT threshold 
-  Combined offline tracking information in a 

Gradient BDT (GBDT) 
-  Multi-jet background: data-driven, used real 

data in control regions for BDT training 
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ExoGc	  decay	  of	  the	  Higgs	  bosons	  	  
pp	  →	  H,	  H	  →	  SS,	  S	  →	  jj	  	  

p

p

H
S

S

q

q

q

q

(LLP)	  

(LLP)	  

cτ0	  ≈	  1mm	  -‐	  1m	  

mS	  ≈	  40	  –	  55	  GeV	  
=>	  BRlim	  ≈	  1	  �	  10-‐2	  	  



H ➝ displaced jets 
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H→displaced jets
• Search for hadronic decays in the inner tracking detector 

(ID) and muon spectrometer (MS) (1911.12575)
• Use special trigger for displaced hadronic decays in MS 

(Muon RoI Cluster trigger)
• Dedicated ID & MS vertex reconstruction algorithms using 

large-radius tracks (LRT = tracks not pointing to the IP)
• Select events with 1 ID vertex and 1 MS vertex

In HS models, a set of BSM particles is weakly coupled to the SM via a mediator particle. These models are
intriguing because they can be built in multiple ways and can produce LLPs with little to no fine-tuning [6].
A SM Higgs boson mediator is of particular interest because the current experimental characterization of
the Higgs boson allows sizable couplings of the Higgs boson to the BSM sector [11, 12]. HS models are
also compatible with SUSY [6, 13] and with models of neutral naturalness [14]. The results of this search
are interpreted in the context of a simplified HS model, in which the SM and HS are connected via a heavy
mediator �, which decays into a pair of long-lived neutral scalar particles s as shown in Figure 1. The
s-bosons then decay back into SM particles through their mixing with the mediator [15]. The HS model
assumes an e�ective Yukawa coupling between the s-boson and the SM particles; therefore each s-boson
decays primarily into a heavy fermion pair: bb̄, cc̄, ⌧+⌧�. The branching ratio depends on the mass of the
s-boson (ms), but for ms > 25 GeV, the branching ratio is approximately 85:5:8.1 If the SM particles are
quarks, they hadronize, resulting in jets that may be highly displaced from the interaction point (IP). The
proper lifetime of the s-boson is relatively unconstrained aside from the upper limit imposed by Big Bang
nucleosynthesis of c⌧ . 108 m [18].

�
s

s

p

p f

f̄

f̄

f

Figure 1: Diagram for a Higgs boson or heavy scalar � decaying into displaced hadronic jets via a hidden sector.

Searches for displaced hadronic decays have been performed by ATLAS, CMS, and LHCb in the first run
of the LHC [19–26], as well as in the second run of the LHC by CMS [27] and ATLAS [16, 17, 28, 29].
Two searches for displaced decays resulting from neutral LLPs in the HS model have been performed using
the ATLAS Run 2 dataset. One analysis searched for pairs of displaced hadronic jets in the calorimeter [16]
(the CR analysis) and the other searched for one or two displaced hadronic jets in the MS [17] (the MS
analysis). For a SM Higgs boson mediator with mH = 125 GeV, decays of neutral scalars with masses
between 8 and 55 GeV have been excluded by these two analyses for c⌧ between 7 cm and 220 m depending
on the LLP mass (assuming a 10% branching ratio of the Higgs boson into ss pairs).

This analysis uses 33.0 fb�1 of
p

s = 13 TeV proton–proton (pp) collision data collected by the ATLAS
detector at the LHC and is an update to the results presented in the 8 TeV ATLAS search [21] for displaced
hadronic jets in the ID and MS, and an extension of the MS analysis. In each event, one reconstructed
decay vertex is required in the ID (IDVx) in addition to one in the MS (MSVx). Requiring the presence of
an MSVx suppresses background, which allows looser selection requirements on the reconstructed mass
and number of tracks associated with the IDVx than in other IDVx searches such as Ref. [28]. Additionally,
requiring the presence of an IDVx suppresses background relative to the MS analysis, allowing greater
sensitivity for LLPs with c⌧ < 1 m. This search thus increases the sensitivity to low-mass scalars with
shorter proper lifetimes relative to the combined results of the CR and MS analyses published in Ref. [16].

1 As in recent displaced jet searches for HS models [16, 17], decays of s to bosons and top quarks are not considered in this
analysis.
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H ➝ displaced jets: combination 
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H→displaced jets - combination
• Combination with searches for displaced jets in the calorimeter (1902.03094) and 

MS only (1811.07370)

• green =  ID (1 ID & 1 MS vertex) analysis (previous slide)
• purple =  combination of CR (2 displaced jets in the calo) & MS (2 MS vertices) analyses
• blue = ID + CR + MS combination
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H ➝ displaced jets: reinterpretation 
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H→displaced jets - reinterpretation
• CalRatio (CR) analysis with displaced jets in the calorimeter (1902.03094) is 

preserved in RECAST 
‣ Used to reinterpret the analysis in several other models, setting the limits in a 

previously unconstrained part of parameter space 
➡ The importance of analysis preservation
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Figure 10: A comparison of the constraints from the high-ET dataset of the newly preserved CalRatio jet analysis [5]
(pink/blue) and the results in Ref. [28] (green/yellow) for the � ! ⌫bb̄ decay mode of the Higgs-portal baryogenesis
model. The dashed blue lines indicate �h⇥Bh!�� with 100% or 10% branching ratios and the SM Higgs gluon-gluon
fusion production cross-section �h = 48.58 pb [35] assumed for on-shell � production, and �h ⇥ Bh!��(100%) =
0.007 pb assumed for o�-shell production (m� = 100 GeV).
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Figure 9: Diagram of the Higgs-portal baryogenesis model. The LLP � is represented by double lines and final-state
SM fermions are labeled as f .

4.2 Higgs-Portal Baryogenesis Model

A set of low-scale (< TeV) baryogenesis models that generate the observed baryon asymmetry via decays
of weak-scale states can be directly tested at colliders [30–32]. A Higgs-portal model [33] is considered
where a singlet �, the LLP, is coupled to the SM. It is realized as a scalar boson that mixes with the SM
Higgs boson [34]. This boson is assumed to be heavy and decouples, leaving the production of � via the
exchange of a single SM-like Higgs boson after mixing, pp ! h ! �� as shown in Figure 9.

For the production of � through the Higgs portal, two di�erent regimes are considered:

• m� < mh/2: here the dominant production mechanism is through an on-shell Higgs. The �
production at 13 TeV is expected to be considerable, and despite existing strong constraints, this
regime remains potentially very interesting.

• m� > mh/2: in this regime the Higgs is o�-shell and the signal rate falls rapidly for increasing m�,
even for large mixing. For example, the expected cross-section for m� = 100 GeV is approximately
7 fb resulting in a very low sensitivity considering the available dataset.

Decay modes for � must violate baryon and/or lepton number conservation to generate baryonic asymmetry.
The corresponding lowest-dimensional interactions allow decays to three SM fermions. The following four
decay modes and their charge conjugates are considered: � ! ⌧+⌧�⌫` , � ! cbs, � ! `±cb, � ! ⌫bb̄.
The singlet mass m� is explored from 10 GeV to 100 GeV as shown in Table 6.

The viability of this model was tested by a search for events compatible with the decay of an LLP into
displaced hadronic jets in the ATLAS muon spectrometer [28]. Limits were set using a two vertex signal

Table 6: Summary of the masses and proper lifetimes (c⌧) simulated for the Higgs-portal baryogenesis model.

mh [GeV] m� [GeV] c⌧� [m]

125

10 0.92
30 2.75
50 5.55
100 3.30
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✓ The existing limits are improved & extended at shorter decay lengths

Higgs portal baryogenesis model

• The singlet boson X mixes with the SM 
Higgs and decays to decays to SM 
violating baryon and/or lepton number

Figure 9: Diagram of the Higgs-portal baryogenesis model. The LLP � is represented by double lines and final-state
SM fermions are labeled as f .
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4.3 Dark Photon Model

Another possible HS model, the Falkowski–Ruderman–Volansky–Zupan (FRVZ) model [36, 37], is
considered where a pair of dark fermions fd2 is produced via a Higgs-like boson decay. Two di�erent
model incarnations are considered and shown in Figure 14. Either the dark fermion decays into a dark
photon �d and a lighter dark fermion assumed to be the hidden lightest stable particle (HLSP), or the dark
fermion decays into an HLSP and a dark scalar sd that in turn decays into a pair of dark photons. Succinctly,
the final state is predicted to have either two or four dark photons, which in this model, is the LLP.

The HS is connected with the SM through kinetic mixing of the dark photon and the standard photon with
a mixing parameter ✏ . With this mixing, a dark photon with a mass m�d up to a few GeV will decay into
light SM fermions, with branching ratios that depend on m�d [38–40]. The mean lifetime ⌧ of �d is related
to the kinetic mixing parameter by

⌧ /
✓
10�4

✏

◆2 ✓100 MeV
m�d

◆
, (1)

an approximate expression based on the full relation in [40]. Table 9 contains the tested mass parameters
of the model. Due to their small mass, the dark photons are expected to be produced with large boosts,
so their decays result in collimated groups of leptons and light hadrons in a jet-like structure, referred to
hereafter as dark-photon jets (DPJs).

The viability of this model was tested by a search for events compatible with the decay of an LLP into
collimated leptons or light hadrons in the ATLAS detector [41]. This search defined three separate
search regions, designed to correspond to both LLPs decaying leptonically (µDPJ-µDPJ), both decaying
hadronically (hDPJ-hDPJ), and for the mixed case (µDPJ-hDPJ). Below, the new model constraints are
compared to those obtained from the hDPJ-hDPJ selection in the existing search, since this provides the
fairest comparison of the di�erent analyses’ sensitivities. Table 10 presents the systematic uncertainties
evaluated within the preserved workflow.

In addition to the limit comparisons, the extrapolated e�ciencies for the low- and high-ET selections are
compared to those from the hDPJ-hDPJ selection of the search for displaced lepton-jets in ATLAS [41]

Figure 14: Diagrams of the Higgs portal model with dark photon final states. The dark fermions fd2 each decay into
a HLSP and a dark photon �d in the diagram on the left, and a HLSP and a dark scalar sd that in turn decays into a
pair of �d in the diagram on the right. The �d decay into SM fermions, denoted by `+ and `�.
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Table 12: Extension of the �d proper decay lengths excluded at 95% CL assuming �H ⇥ BH!N�d+X = 5 pb for the
FRVZ model with mH = 800 GeV following the reinterpretation of the CalRatio displaced jets search. The existing
minimum and maximum decay lengths excluded using the hDPJ-hDPJ selection are denoted by c⌧oldmin and c⌧max .
The maximum decay lengths excluded are unchanged following the reinterpretation, but the extended minimum decay
lengths are indicated by c⌧newmin .

Process �H ⇥ BH!N�d+X [pb] c⌧newmin [m] c⌧oldmin [m] c⌧max [m]

H ! 2�d + X 5 0.00046 0.0073 1.298
H ! 4�d + X 5 0.0006 0.0136 0.231
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Figure 16: The constraints from the newly preserved CalRatio jet analysis [5] (compared to those in Ref. [41] for the
hDPJ-hDPJ selection, where applicable) for two values of mH for the two dark photon final state (left) and the four
dark photon final state (right). The dashed blue lines indicate �H ⇥ BH!N�d+X with 100% or 10% branching ratios
and the SM Higgs gluon-gluon fusion production cross-section �H = 48.58 pb [35] assumed for mH = 125 GeV, and
�H ⇥ BH!N�d+X (100%) = 5 pb assumed for mH = 800 GeV.
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H→displaced jets - reinterpretation
• CalRatio (CR) analysis with displaced jets in the calorimeter (1902.03094) is 

preserved in RECAST 
‣ Used to reinterpret the analysis in several other models, setting the limits in a 

previously unconstrained part of parameter space 
➡ The importance of analysis preservation

•  The original analysis targeting FRVZ model (1909.01246) didn’t have any sensitivity for dark photons 
decaying to collimated hadron jets in the case mH=125 GeV

✓ RECAST analysis set first limits in this channel

Dark photon model (FRVZ)

• Dark photons decay to displaced lepton 
or hadronic jets

reinterpretation

ATL-PHYS-PUB-2020-007

1909.01246



●  Recently we haven't got new results on 
direct Higgs Exotic decays searches. 

 
●  But we have a couple of µ+µ- searches 

that could be used for 
reinterpretations. 

 
●  Search for prompt and displaced Dark 

Photons (A') in dimuons using full Run 2 
dataset, limits at 90% CL: https://
journals.aps.org/prl/abstract/10.1103/PhysRevLett.
124.041801 

 
●  For prompt search, best constraint in the 

range [214,740] MeV and [10.6,30] GeV 
for m(A'). 

 
●  Best limit for displaced low-mass A', with 

a O(1 ps) lifetime.  
 

Prompt search 

Displaced search 

Search for Dark Photons 
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●  Search for low-mass dimuon resonances, 
with Run 2 dataset: 
https://arxiv.org/abs/2007.03923. 

 
●  Selection similar to the Dark Photon 

analysis, but model-independent 
approach. 

 
●  Prompt search explore X masses up to 

60 GeV, displaced search up to 3 GeV. 
 
●  Inclusive X →µ+µ- and associated X + b-

jets production have been considered.   
 
●  These results have been used to set 

limits on the X-H mixing angle (θH) in the 
2HDM scenario, and to the γ-ZHV mixing 
in a hidden valley scenario.  

 

90% CL limits on X-H mixing angle 

90% CL limits on γ-ZHV mixing strength 

Inclusive search X →µ+µ- 
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●  As follow-up of the “STEALTH physics at LHCb” workshop in February                    
(https://indico.cern.ch/event/849862/timetable/), where LHCb physicist discussed 
with theorists on new physics searches, a White Paper is in preparation: a section 
will be dedicated to Exotic Higgs decays at LHCb! 

 
●  We are working on new Run 3 trigger lines for long-lived particles searches.  
 
●  Search for model-independent bb and cc production is on-going (includes also 

H→bb and H→ cc at LHCb)  
 

On-going activities, LHCb 
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Tasks list and timelines 

•  https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3#Exotic_Higgs_Decays 
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Benchmark models 
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h*ps://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoEcDecay	  
	  



Conclusions 
•  Higgs sector provide incredible tool for testing models of New Physics 

•  Exotic Higgs decay searches remain a top priority of the BSM search program, 
as we face new challenges and opportunities at HL-LHC 

•  Still a lot of room for new discoveries in signatures we have not covered yet! 

•  Exciting possibilities for full Run2 and Run3 analyses, with new searches and 
strategies, e.g. 
-  Open to new benchmark ideas… 
-  New trigger / reconstruction techniques for low pT objects (boosted regimes, 

collimated decay products). 
-  new Run 3 triggers being developed for LLP searches.  
-  etc 
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Backups 
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LFV decays 
•  Lepton flavor 

violating decays: H 
➝ eτ and H ➝ µτ, 
both from ATLAS 
and CMS 

•  H ➝ eτ : comparable 
expected sensitivity, 
much tighter 
constraints than in 
Run1  

•  H ➝ µτ : CMS a bit 
better on expected 
sensitivity, tighter 
constraints than in 
Run1 

•  Presented last year 
by C.S.Caillol 
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UPGRADED CMS HGCAL 
J. Liu et al., 2005.10836   

•  Propose using HGCAL to 
reconstruct LLPs in Higgs 
decays 

•  Employ VBF trigger, and/or 
proposed L1 displaced track 
trigger 
see Y. Gershtein, 1705.04321, PRD 

96 #3 (2017) 

Brian	  Shuve,	  Higgs	  2020	  
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DISTANT DETECTORS
I. Boiarska et al., 1908.04635, JHEP 05 (2020) 049 

•  Upgrades of existing dedicated LLP detectors like 
FASER, or proposed detectors like MATHUSLA, can 
reconstruct LLPs produced in exotic Higgs decays 

Brian	  Shuve,	  Higgs	  2020	  
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PHOTON JETS
•  If the Higgs decays into low-mass scalars that in turn 

decay to photons, we get collimated “photon jets” (or 
“xi jets”) that are not covered by existing searches - use 
jet substructure instead! 

S. Ellis, T. Roy, J. Scholtz, 1210.3657, PRD 87 (2013); B. Sheff, N. 
Steinberg, J. Wells, 2008.10568 

log(hadronic energy 
fraction) 

2-subjettiness ratio 

scalar mass (GeV) 

B. Sheff, N. Steinberg, J. Wells, 2008.10568 

Brian	  Shuve,	  Higgs	  2020	  
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ELECTROWEAK PHASE TRANSITION
•  A low-mass scalar produced in exotic Higgs decays could 

facilitate a strongly first-order electroweak phase 
transition! 

M. Carena, Z. Liu, L. Wang, 
1911.10206, JHEP 08 (2020) 

J. Kozaczuk, M. Ramsey-Musolf, J. 
Shelton, 1911.10210, PRD 101 
(2020) 

Brian	  Shuve,	  Higgs	  2020	  


