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SUBGROUP INTRODUCTION
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• Subgroup twiki page: https://twiki.cern.ch/twiki/bin/view/
LHCPhysics/LHCHXSWGExoticDecay

• Our task is to inform, aggregate, and make recommendations for 
studies of decays of H(125) to BSM states

• This talk:
• Overview of new, recent experimental and theoretical results

• Focus on results since the last WG meeting

• Discuss activities and plans for the subgroup in 2022

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay
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OVERVIEWS

3

• Several new extensive documents on theories and signatures 
relevant for exotic Higgs decays!

• Comprehensive review of models, current constraints, and 
gaps in coverage for exotic Higgs decays

• Maximizing discovery prospects for stealth new physics at 
LHCb

• Opportunities for triggers in searches for long-lived particles 
in Run 3

M. Cepeda, S. Gori, V. Martinez Outschoorn, J. Shelton, 2111.12751

M. Borsato et al., 2105.12668

J. Alimena et al., 2110.14675
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INVISIBLE HIGGS 
DECAYS
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Figure 12: Observed and expected 95% CL upper limits on (sH/sSM
H )⇥ B(H ! inv) for all

three years of data taking, as well as their combination, assuming a SM Higgs boson with a
mass of 125.38 GeV.

Table 6: The 95% CL upper limits, both observed and expected, and their expected confidence
intervals per category and for the combinations.

Category Observed Expected 1-s interval 2-s interval
2016 0.38 0.28 [0.20 – 0.40] [0.15 – 0.53]
MTR 2017 0.25 0.19 [0.14 – 0.28] [0.10 – 0.40]
MTR 2018 0.24 0.15 [0.11 – 0.22] [0.08 – 0.31]
MTR 2017 2018 0.17 0.13 [0.09 – 0.18] [0.07 – 0.25]
VTR 2017 0.57 0.45 [0.32 – 0.66] [0.24 – 0.94]
VTR 2018 0.44 0.34 [0.24 – 0.49] [0.18 – 0.69]
all 2017 0.24 0.18 [0.13 – 0.26] [0.09 – 0.37]
all 2018 0.25 0.15 [0.10 – 0.21] [0.08 – 0.29]
all 2017 2018 0.18 0.12 [0.08 – 0.17] [0.06 – 0.23]
Run2 0.17 0.11 [0.08 – 0.15] [0.06 – 0.21]

conversion from B(H ! inv) to Ginv uses the relation B(H ! inv) = Ginv/(GSM + Ginv), where
GSM is set to 4.07 MeV [67]. The assumption of a vector DM candidate is not provided in the
context of this result, since it requires an extended dark Higgs sector, which may lead to mod-
ifications of kinematic distributions assumed for the invisible Higgs boson signal. Figure 14
shows the 90% CL upper limits on the spin-independent DM-nucleon scattering cross section
as a function of mDM, for both the scalar and the fermion DM scenarios. These limits are com-
puted at 90% CL so that they can be compared with those from direct detection experiments
such as Xenon1T [68], Cresst-II [69], CDMSlite [70], LUX [71], Panda-X II [72] and DarkSide-
50 [73], which provide the strongest constraints in the mDM range probed by this search. The
collider-based results complement the direct-detection experiments in the range mDM smaller
than 12 (6) GeV, assuming a fermion (scalar) DM candidate.
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NEW RESULTS
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Figure 11: The observed Mjj distribution in the MTR (top) and VTR (bottom) SRs compared to
the postfit backgrounds, with the 2017 and 2018 samples. The signal processes are scaled by the
fitted value of B(H ! inv), shown in the legend. The last bin of each distribution integrates
events above the bin threshold divided by the bin width.

CMS PAS 
HIG-20-003

see also ATLAS 2109.00925

prediction in almost the whole precoil
T spectrum. As an

example, the SM predictions are determined with a
total uncertainty of 1.5%, 1.2%, and 4.1% for the
EM0, EM4, and EM12 signal regions, respectively,
which include correlations between uncertainties in the
individual background contributions. For illustration
purposes, the ratios of data to SM predictions are shown
in the lower panel, both after the CR fit and after a global
background-only fit when the signal region is also
included (“SR+CR fit”).
The number of events in the data and the individual

background predictions are presented in Tables VI and VII
for inclusive and exclusive precoil

T bins, respectively. The
results for all the signal regions are summarized in
Table VIII. Overall, good agreement between data and
SM predictions is observed. The compatibility of the data
with a SM background hypothesis is tested using the
binned profile likelihood fit described above. The resulting
statistical tests for a background-only hypothesis, in the
presence of different potential signal contributions, give
p-values in the range between 0.02 and 1.0, where the
minimum corresponds to a signal for stop-pair production
in the t̃1 → cþ χ̃01 decay channel with mt̃1 ¼ 500 GeV and

mχ̃01
¼ 420 GeV and a deviation of about 2σ from the

background-only hypothesis.
The results are translated into upper limits on the

presence of new phenomena, using a simultaneous like-
lihood fit in both the control and signal regions, and the CLs
modified frequentist approach [119]. As already men-
tioned, inclusive regions with minimum precoil

T thresholds
are used to set model-independent exclusion limits, and
the exclusive regions are used for the interpretation of the
results within different models of new physics. For the
latter, the presence of a slight excess of events at high precoil

T
limits the reach of the observed limits, mostly for those
models in which the expected signal would accumulate in
the tail of the precoil

T distribution.

A. Model-independent exclusion limits

Results obtained in inclusive precoil
T regions are translated

into model-independent observed and expected 95% CL
upper limits on the visible cross section, defined as the
product of the production cross section, acceptance and
efficiency σ × A × ϵ. The limits are extracted by dividing
the 95% CL upper limit on the number of signal events by
the integrated luminosity, taking into consideration the
systematic uncertainties in the SM backgrounds and the
uncertainty in the integrated luminosity. A likelihood fit
is performed separately for each of the inclusive regions
IM0–IM12. The results are collected in Table IX. Values of
σ × A × ϵ above 736 fb (for IM0) and above 0.3 fb (for
IM12) are excluded at 95% CL.

B. Model-dependent exclusion limits

A simultaneous fit to the signal and control regions in the
exclusive precoil

T bins is performed, and used to set observed
and expected 95% CL exclusion limits on the parameters of
the different models under consideration. Uncertainties in
the signal and background predictions, and in the lumi-
nosity are considered, and correlations between experi-
mental systematic uncertainties in signal and background
predictions are taken into account. The contamination of
the control regions by signal events is negligible.

1. Weakly interacting massive particles

As discussed in Sec. I, simplified models are considered
with the exchange of an axial-vector or a pseudoscalar
mediator in the s-channel. In the case of the exchange of an
axial-vector mediator, and for WIMP-pair production with
mZA

> 2mχ , typical A × ϵ values for the signal models with
a 2 TeV mediator range from 13% to less than 1% for the
EM0 and EM12 selections, respectively, where the values
refer to an initial simulated sample generated with a
minimum transverse momentum of 150 GeV. Similarly,
values for A × ϵ in the range between 13% and less
than 1% are computed for the pseudoscalar mediator model
with mZP

¼ 350 GeV and mχ ¼ 1 GeV, where 1% is

1

10

210

310

410

510

610

710

E
ve

nt
s 

/ G
eV

ATLAS
-1 = 13 TeV, 139 fbs

Signal Region
) > 150 GeV

1
(j

T
p

Data

Standard Model w. unc.

) + jetsZ(

) + jets ll / VBF Z(

) + jets lW(

) + jets lVBF W(

 + single toptt

Diboson

Multijet + NCB

) = (600, 580) GeV
0

,tm(

) = (1, 2000) GeV
A

, Zm(

 = 1486 GeV
2

DE, M

200 400 600 800 1000 1200
0.8
0.9

1
1.1
1.2

D
at

a/
S

M

Total UncertaintyData/SM after CR fit Data/SM after SR+CR fit

 [GeV]recoil
T

p

FIG. 4. Measured distributions of precoil
T for the precoil

T >
200 GeV selection compared with the SM predictions in the
signal region. The latter are normalized with normalization
factors as determined by the global fit that considers exclusive
precoil
T control regions (“CR fit”). For illustration purposes, the

distributions of examples of dark energy (DE), SUSY, and WIMP
scenarios are included. The ratios of data to SM predictions after
the CR fit are shown in the lower panel (black dots), and
compared with the same quantities when SM predictions are
normalized to the results of the global background-only fit when
the signal region is also included (“SRþ CR fit”, red dots). The
error bands in the ratio shown in the lower panel include both the
statistical and systematic uncertainties in the background pre-
dictions. Events with values beyond the range of the histogram
are included in the last bin.

G. AAD et al. PHYS. REV. D 103, 112006 (2021)

112006-16

95% CL inv BF: 34%

ATLAS 2102.10874 [PRD]
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COMBINATIONS
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CMS Higgs 2021
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Figure 14: 90% CL upper limits on the spin-independent DM-nucleon scattering cross section in
Higgs-portal models, assuming a scalar (solid orange) or fermion (dashed red) DM candidate.
Limits are computed as a function of mDM and are compared to those from the Xenon1T [68],
Cresst-II [69], CDMSlite [70], LUX [71], Panda-X II [72] and DarkSide-50 [73] experiments.

CMS PAS HIG-20-003

• New theory review: “Collider Searches for DM Through the Higgs Lens”,  
S. Arygropoulos, O. Brandt, U. Haisch, 2109.13597
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LEPTON FLAVOUR 
VIOLATION & RARE DECAYS
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LFV HIGGS DECAYS 

8

• Use collinear mass (assuming neutrinos aligned with track in tau 
decays) & BDT to discriminate signal & background

CMS 2105.03007 [PRD]
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V+MESON (THEORY)
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● Probe of Higgs-Yukawa couplings using final-state meson M as a “flavor proxy” 

Task: Collect definite recommendation of SM reference predictions

● QCD corrections known for some select final states, and sizeable

● Goal: supplement QCD corrections for all channels and gather in one place

● Include possible devitiations from SM Yukawa couplings

● Status: close to done, to be published in a short internal note

Weak hadronic Higgs decays  H → WM, H → ZM

from M. König

• Use meson as “flavour proxy” to test SM fermion Yukawas

• QCD corrections known and are sizable in some cases

• Current work: supplement QCD corrections for all channels and 
gather in one place, including possible deviations from SM Yukawas

• Status: mostly done, intend to publish in a short internal note
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PROMPT EXOTIC DECAYS
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Figure 1: Observed 95% CL upper limits on �h/�
SM
h Br(h ! ss ! XXY Y ) where s is a

new scalar decaying to pairs of SM particles X and Y , and �
SM
h is the SM Higgs boson

production cross section. The most recent h ! ss analyses from Table 1 are included.

for the µµ⌧⌧ and µµbb decays are currently able to place limits on exclusive branching

ratios down to ⇠ 10�5
� 10�4 in the mass range from m & 2m⌧ ⇡ 4 GeV to mh/2 ⇡

62.5 GeV (80, 81, 82, 83, 84, 85). Searches in the bb⌧⌧ (86), ⌧⌧⌧⌧ (76), and bbbb (87, 75)

final states reach sensitivity in the range ⇠ 10�2
� 10�1 for the mass range m & 2mb ⇠

10 GeV. Searches sensitive to photons also place significant constraints on the branching

ratio, including limits down to 10�5 for m ⇡ 12� 62.5 GeV in the ���� final state (88, 89)

and 10�1 for m ⇡ 20� 60 for ��jj (90).

There are currently fewer experimental searches targeting decay modes to a new pseu-

doscalar or vector boson produced with a Z boson. A search for hadronic scalar decays (91)

sets upper limits on Br(h ! Za ! ``XX) as low as 0.35 for ma in the range 0.5�4 GeV, as-

suming a decays to either gluon pairs or strange or charm quark pairs. Decays to muons and

electrons are also explored (79), setting limits on the branching ratio down to ⇡ 5⇥10�5 in

the 15�30 GeV or 15�55 GeV mass range for the pseudoscalar or vector cases, respectively.

The current reach of all the searches in Table 1 is limited by statistics, so updated

analyses using all available data will improve the sensitivity. More sophisticated analyses,

including new reconstruction and identification techniques, can help complete the coverage

of the full mass range. Additional searches in uncovered channels may also bring additional

sensitivity and are interesting cross checks in case an excess is observed.

4.1.2. SM+s. Searches for decays to a new light scalar, s, often focus on the heaviest

particles that are kinematically allowed in the scalar decay. Decays to muons are considered

for m & 2mµ ⇡ 0.22 GeV and are particularly important in the lowest mass range until

decays to taus may also become important, m & 2m⌧ ⇡ 3.6 GeV. Finally in the mass range

m & 2mb ⇡ 8.4 GeV, several searches also target decays to b-jets.

Figure 2 shows the upper limits on Br(h ! ss) in the SM+s scenario, using the branch-

ing ratios for the new scalar predicted by the minimal model of Sec. 3.1. The strongest

constraints appear at the lowest masses from the µµµµ mode, setting branching ratio limits

www.annualreviews.org • Exotic Higgs Decays 15
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DECAYS TO RESONANCE PAIR

11

M. Cepeda, S. Gori, V. Martinez Outschoorn, J. Shelton, 2111.12751

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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• Signal models include decays to pair of 
(pseudo)scalars, dark photons, Z + dark photon
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DECAYS TO 2 LEPTON PAIRS

12

the LHC for </d < </ imply that n . 0.005–0.020 for 20 GeV < </d < 80 GeV [68]. Other searches
rule out n & 10�3 for 10 GeV < </d < 10 GeV [69–74]. The � ! -- ! 4✓ analyses constrain the
Higgs mixing parameter ^, while the � ! //d ! 4✓ analysis provides information about the kinetic
mixing parameter n .
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Figure 1: Exotic decays of the Higgs boson into 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 /d gauge boson decays into SM particles through kinetic
mixing with the hypercharge field (with branching ratios that are nearly independent of n). The �//d vertex factor is
proportional to n whereas the �/d/d vertex factor is proportional to ^. (c) illustrates the decay of a Higgs boson
into dark Higgs scalars B or pseudoscalars 0 that couple to SM particles through mixing with the SM Higgs field in
models with an extended Higgs sector (Section 2.2).

2.2 Extended Higgs sectors

Models containing two Higgs doublets and an additional scalar field (2HDM+S) [20, 75] are also relevant
for the search for � ! -- ! 4`. Two-Higgs-doublet models (2HDMs) generically contain two neutral
scalars �1,2, two charged scalars �±, and one neutral pseudoscalar �. The lighter of the neutral scalars �1

is identified as the observed Higgs boson �, while the other states are constrained to be heavy by existing
data [76, 77]. Adding a complex scalar singlet that mixes weakly with �1,2 gives two additional states,
a scalar B and a pseudoscalar 0. If these are lighter than <�/2, then � ! 00 and � ! BB decays are
allowed (Figure 1(c)). This paper probes the process � ! 00 ! 4`, but limits on � ! 00 ! 4` also
apply to � ! BB ! 4`.

The decays of the scalar and pseudoscalar into fermions are determined by their Yukawa couplings [20],
implying that the branching ratio to electrons is very small, and that the branching ratio to muons is smaller
than that of the /d vector bosons described previously. Branching ratios for � ! 00 and 0 ! `` can
be significant in the range 2<` < <0 < 2<g , ranging from 10�2 to 10�1 in some regions of parameter
space [20]. In 2HDMs, there are several possible ways for the Higgs sector to couple to fermions. Of these,
type-III models (in which leptons and quarks couple to di�erent Higgs doublets) at large tan V (where tan V

is the ratio of the vacuum expectation values of the two Higgs doublets) are particularly interesting for
these analyses. A light pseudoscalar can correspond to the '-symmetry limit of the NMSSM [78, 79],
which reduces the need for fine-tuning and addresses the `-problem [80]. Searches for exotic decays of the
Higgs boson into new light scalars or pseudoscalars have been carried out for a variety of mass ranges and
final states with both LHC [41, 42, 44–49, 65, 81–86] and Tevatron [87] data.

5

• Full Run 2 analyses 
from ATLAS & CMS

ATLAS 2110.13673, CMS 2111.01299
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Figure 3: Event yields against mZ12 = (mZ1
+ mZ2

)/2 with the XX selection for the 4µ, 2e2µ
and 4e final states. Numbers in the legend show the total event yields with the XX selection
corresponding to data, and the expected yields for each background and signal processes, along
with the corresponding statistical uncertainty coming from the amount of simulated data.

The incremental step is chosen so as not to miss any potential signal contribution due to de-
tector resolution in mZ2

. For each mass hypothesis, the counting experiments are performed
on the mZ2

distribution, with the bin centered at each mass hypothesis. Because of the finite
mass resolution of mZ2

, the choice of the bin width needs to be defined such that most of the
signal contribution is included in the bin. The bin width is defined as 0.04 (0.10)⇥ mi for the
4µ and 2e2µ (4e and 2µ2e) categories. This width is chosen as two times the mZ2

resolution
and includes ⇡95% of signal events. The normalization of the Higgs background is allowed
to float freely in the likelihood fit. For each mass hypothesis, events outside the mass window

• ATLAS has dedicated “low 
mass” search with tighter 
cut on 4-lepton mass, allows 
for collinear lepton pairs
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Figure 5: Definition of regions used in the normalization of the heavy-flavour background in the LM analysis.
(a) Region A is the signal region. The <34/<12 > 0.85 compatibility requirement is inverted in region B, and the
Higgs boson mass requirement is inverted in region C. The isolation and impact parameter requirements are inverted
in regions D and E shown in (b).
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Figure 6: Distribution of (a) h<✓✓i and (b) <34 vs <12, for events selected in the LM � ! -- ! 4` (1 GeV <

<- < 15 GeV) analysis. No data events pass this selection. The expectation for a � ! 00 ! 4` signal is also
shown, for several masses. The signal histograms are stacked on top of the (pre-fit) background histograms, and
expected yields are normalized with f(?? ! � ! 00 ! 4`) = 1

10fSM (?? ! � ! //
⇤ ! 4`) = 0.15 fb. The

shaded band represents the total uncertainty of the prediction. The crossed-through points in (b) correspond to the 50
events that are outside the <4✓ mass window of 120 GeV < <4✓ < 130 GeV. The events outside the green signal
region are events that fail the <34/<12 > 0.85 requirement and include one event within the <4✓ mass window.
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• Results interpreted in terms of ALPs, 2HDMs, dark photon, and 
dark photon + dark Higgs models

ATLAS 2110.13673, CMS 2111.01299
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Figure 18: 95% CL upper limits on the cross section times the model-dependent branching ratio divided by the SM
Higgs boson production cross section for (a) the � ! /d/d process for the benchmark HAHM and (b) the � ! 00

process for the benchmark 2HDM+S model. The shaded areas are the quarkonia veto regions. The step changes at
</d = 15 GeV are due to the change in selection from the LM to the HM analysis.
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some sensitivity to #, but the upper limits are almost an order of magnitude weaker than those
from the Drell–Yan search and from the LHCb Collaboration [14], and hence are not reported
in this paper.
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Figure 6: 95% CL limits on the Higgs-mixing parameter k, based on the XX selection, as func-
tion of mZD

. The dashed black curve is the expected upper limit, with one and two standard-
deviation bands shown in green and yellow, respectively. The solid black curve is the observed
upper limit. The grey band corresponds to the excluded region around the bb bound states of
U.

7.3 Limits on the ALP model

Upper limits at 95% CL are calculated on the Wilson coefficients CZH/L and CaH/L2, as shown
in Fig. 7, where CZH is the effective coupling parameter of the Higgs boson, Z boson, and the
ALP, CaH is the effective coupling parameter of the Higgs boson and the ALP, and L is the
new physics scale. In both interpretations, the ALP is assumed to decay promptly with B(a !
ee or µµ) = 1, with equal fractions to muons and electrons. The last six mass hypotheses are
omitted in the calculation of upper limits on CZH/L to match the ma range adopted in Ref. [20].
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Figure 7: 95% CL limit on CZH/L and CaH/L2 as function of ma. Black curves are the expected
upper limits, with one and two standard-deviation bands shown in green and yellow, respec-
tively. The solid black curves represent the observed upper limits. The grey band corresponds
to the excluded region around the bb bound states of U.
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• Use diphoton trigger; pT requirements on 4 photons are 30, 18, 15 
and, 15 GeV, with one pair having invariant mass > 55 GeV

CMS PAS HIG-21-003

• MVA is used to further separate signal from background

12. Summary 13

No significant deviation from the background-only hypothesis is observed. Upper limits are set
at the 95% confidence level (CL) on the product of the production cross section of the Higgs bo-
son and the branching fraction into four photons via a pair of pseuodscalars, sH⇥B(H ! aa !
gggg). This is done using the modified frequentist approach for confidence levels (CLs), with
the LHC profile likelihood ratio used as the test statistic [43, 52–54]. The observed (expected)
limit ranges from 0.80 (1.00) fb for ma = 15 GeV to 0.33 (0.30) fb for ma = 60 GeV, compared to
the inclusive Higgs production cross section of 52 pb [55], and is shown in Fig. 7 as a function
of ma.
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Figure 6: Invariant mass distribution, mgggg , for data (black points) and signal-plus-
background model fit is shown for ma = 15 GeV (left) and ma = 50 GeV (right). The solid red
line shows the total signal-plus-background contribution, whereas the dashed red line shows
the background component only. The lower panel shows the residuals after subtraction of this
background component. The one (green) and two (yellow) standard deviation bands include
the uncertainties in the background component of the fit. The lower panel in each plot shows
the residual signal yield after the background subtraction.

12 Summary
A search for a pair of light pseudoscalars that subsequently decay into photons produced from
decays of the 125 GeV Higgs boson is presented. The analysis is based on the proton-proton
collision data collected at

p
s = 13 TeV by the CMS experiment at the LHC in 2016, 2017, and

2018, which corresponds to a total integrated luminosity of 131.2 fb�1. The analysis probes
pseudoscalars ranging in mass from 15 to 60 GeV. In absence of any significant deviation from
the background-only hypothesis, upper limits are set at 95% CL on the product of the produc-
tion cross section of the Higgs boson and the branching fraction into four photons via a pair
of pseuodscalars, sH⇥B(H ! aa ! gggg). The observed (expected) limit ranges from 0.80
(1.00) fb for ma = 15 GeV to 0.33 (0.30) fb for ma = 60 GeV.
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bbµµ
• Trigger on di-muon pair, b-jets are boosted
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Figure 1: Kinematic variables used as inputs to the BDT training. From top left to bottom right: <11, ln(!max),
�'1112 , di��'1'`, �'11``, �'1,`, <1,`. The variables are plotted in SRincl. All the distributions are normalized
to unit area. The background histogram is the sum of the CC̄ and DY event templates, combined in the proportions
extracted from the background validation fit described in Section 7.
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Figure 2: Three BDT<0 distributions, BDT20, BDT40, and BDT60, plotted in the <`` windows of SRincl, as
indicated in the figures. The distributions are normalized to unit area. The background histogram is the sum of the
CC̄ and DY event templates, combined in the proportions extracted from the background validation fit described in
Section 7.

DY events. Contributions from other processes, namely CC̄, ,+jets, diboson and single-top, are subtracted
using simulation. Following the subtraction, the DY templates are corrected to account for kinematic
di�erences between event samples dominated by jets originating from light quarks or gluons (template
regions) and event samples dominated by 1-jets (analysis regions). The correction is applied as a per-event
weight, where the reweighting is derived from a comparison between two-1-tag and zero-1-tag kinematic
distributions in simulated DY events. Two sets of event weights are derived and applied sequentially. First,
the jet multiplicity of the zero-1-tag MC sample is reweighted to the one in the two-1-tag sample. It is the
distribution with the largest di�erence between the zero- and two-1-tag samples and was hence corrected
first. Secondly, a BDT-based reweighting is employed to further correct the zero-1-tag template kinematics.
A BDT is trained on the zero-1-tag versus the two-1-tag simulated DY samples. The BDT input consists of
kinematic properties and angular distributions of the 1-jets, muons and the two corresponding 0-boson
candidates, as well as ⇢miss

T and <
KL
11``

. The ratio of the BDT score distributions obtained for the two-b-tag
and zero-b-tag simulated events is then applied as a weight to every event from the zero-b-tag DY template,
as a function of its BDT score. Following the BDT-based reweighting, the <

KL
11``

and ⇢
miss
T distributions

are corrected by up to 20%. The DY templates are normalized to data in the fits described in Section 7.

Minor backgrounds include diboson and single-top-quark production, production of a CC̄ pair in association
with a vector boson, and , boson production in association with 1-jets. The estimation of these minor
backgrounds relies purely on simulation normalized to the best available theoretical prediction. The
events where a jet is misidentified as a muon are taken into account as follows: non-prompt/misidentified
muons in ,+jets and CC̄ events are included in the analysis on the basis of simulation, any contribution of
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Figure 8: The local ?0-values are quantified in standard deviations f and plotted as a function of the signal mass
hypothesis. Between the points, the ?0-values are interpolated and may not be fully representative of the actual
sensitivity.
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6"L. Morvaj ATLAS input for LHCHXS workshop (WG3 exotic H decays) �2
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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
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Figure 4: Upper limits at 95% CL on the cross section ?? ! /� times branching ratio for / ! ✓
+
✓
� (where

✓ = 4, ` or g) and � ! j̃
0
2 j̃

0
1 ! 0 j̃

0
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0
1 ! 11̄ j̃

0
1 j̃

0
1 as a function of <

0
for several values of <

j̃
0
1

and <
j̃

0
2

for
the NMSSM scenario described in the text. All branching ratios in the Higgs boson decay chain after the decay

� ! j̃
0
2 j̃

0
1 are set to 100%. The di�erent ranges in <

0
reflect di�erences in the allowed event kinematics. The lines

joining the <
0

points come from an assumed linear interpolation of the limits. The SM value for the cross section
f(?? ! /�) ⇥ ⌫'(/ ! ✓

+
✓
�) is shown for reference.

8 Conclusion

A search for the exotic decay of the Higgs boson (�) into a bb resonance plus missing transverse momentum
has been performed with the ATLAS detector at the Large Hadron Collider in 139 fb�1 of pp collisions atp
B = 13 TeV . The search was designed to target Higgs bosons produced in association with a Z boson and

was conducted in events with two leptons, two or more jets, at least one of which must be 1-tagged, and
missing transverse momentum. The analysis was optimized on a model in the Peccei–Quinn symmetry

limit of the NMSSM where � ! j̃
0
2 j̃

0
1 , with j̃

0
2 ! 0 j̃

0
1 , and 0 is a new, light pseudoscalar Higgs boson.

The decay of the 0 boson into a pair of 1-quarks results in a resonance in the dÚet invariant mass. Such
models di�er from those considered in past searches for exotic Higgs boson decays involving the production
of 0, where the NMSSM was considered in the '-symmetry limit in which the dominant decay channel
is � ! 00. Observations are consistent with SM expectations and upper limits on the ?? ! /� cross

section times the branching ratio for / ! ✓
+
✓
� and � ! j̃

0
2 j̃

0
1 ! 0 j̃

0
1 j̃

0
1 ! 11̄ j̃

0
1 j̃

0
1 have been obtained

for a three-dimensional scan of masses of the j̃
0
1 , j̃

0
2 and 0 boson. Assuming the SM cross section for /�

production, and assuming 100% branching ratios for the decays j̃
0
2 ! 0 j̃

0
1 and 0 ! 11, an upper limit on

the branching ratio BR(� ! j̃
0
2 j̃

0
1) of 31% is obtained at 95% confidence level for a range of <

0
values

between 35 and 55 GeV for fixed values of <
j̃

0
1
= 10 GeV and <

j̃
0
2
= 80 GeV. These represent the first

direct limits on this exotic Higgs boson decay from the LHC.
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b̄

• Look for leptonic Z decay in 
Higgs-strahlung process

• Require one b-tag, sensitive to 
masses 25-65 GeV

7 Results

The <
9 9

distribution in the SR is shown in Figure 2. The observation is consistent with the background
model for the SM hypothesis. The long tail on the example signal distribution comes from selecting a jet
that does not come from the 0 ! 11̄ decay. For the signal models considered below, which include <

0

from 20 GeV to 65 GeV, the smallest ?-value [89] is 0.39 for the model with (<
0
, <

j̃
0
1
, <

j̃
0
2
) = (50 GeV,

10 GeV, 110 GeV).

Dijet invariant mass [GeV]

0

10

20

30

40

50

60

Ev
en

ts
 / 

10
 G

eV ATLAS
-1 = 13 TeV, 139 fbs

Data
Bkg Model
SM MC
Z+b
Z+c
Z+light

tt
Single top
Diboson
Signal

0 20 40 60 80 100 120
Dijet invariant mass [GeV]

0
0.5

1

1.5
2

D
at

a 
/ B

kg
 M

od
el

Figure 2: Distribution of the dÚet invariant mass in the signal region, shown together with the parameterized
background model (labelled ‘Bkg Model’). For reference, the MC prediction for the SM background is also shown
(labelled ‘SM MC’). The Z+HF and tt scale factors, described in the text, have been applied to the simulated samples.
The signal region is defined to have dÚet invariant mass > 20 GeV. The total statistical and systematic uncertainties
are denoted by the hatched band. The distribution labelled ‘Signal’ is for the model with (<

0
, <

j̃
0
1
, <

j̃
0
2
) = (45 GeV,

10 GeV, 80 GeV), setting all branching ratios to 100% in the decay chain � ! j̃
0
2 j̃

0
1 ! 0 j̃

0
1 j̃

0
1 ! 11̄ j̃

0
1 j̃

0
1 . The

long tail on the signal distribution comes from selecting a jet that does not come from the 0 ! 11̄ decay. The lower
panel shows the ratio of the observed data to the expectation from the parameterized background model.

The dominant uncertainty limiting the final result is statistical and comes from the limited number of events
in the signal region. The dominant systematic uncertainty is again statistical in nature and comes from the
normalization of the background shape function to the data observed in the SR; for signal models where this
analysis has sensitivity, this uncertainty has a 6%–10% e�ect on the fitted `sig. Subdominant systematic
uncertainties in this analysis include the theoretical uncertainty of the Z+HF <

9 9
shape correction (2%–3%),

the jet energy resolution (1%–3%), the flavour dependence of the jet energy scale (1%–2%), and the
statistical uncertainties of the background shape parameters (1%–3%), which arise from the limited number
of data events in CRZ and CRTop.

Upper limits at 95% CL on the ?? ! /� cross section times branching ratio for / ! ✓
+
✓
� (where
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ATLAS 2107.06092

•                  difficult to probe when scalars decay hadronically

• One approach: trigger on leptonic associated Z decay!

• Require more than 2 tracks per vertex, reduced mass > 3 GeV
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Figure 5: DV multiplicity among preselected events for signal (dashed lines), background prediction (solid line), and
data (black points). The bins corresponding to =DV = 0 and =DV = 1 compose the CR, which is used to derive the
background estimate. The third bin is the SR and contains all events with =DV � 2. The shaded bands represent
the combined statistical and systematic uncertainty of the prediction. Signal distributions are normalized assuming
B(� ! 00 ! 11̄11̄) = 10%.
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Figure 6: Observed 95% CL exclusion limits on B(� ! 00 ! 11̄11̄) as a function of 2g0.

Upper limits at the 95% CL are set on the branching ratio of the Higgs boson to pairs of long-lived
pseudoscalars B(� ! 00 ! 11̄11̄) for each signal mass hypotheses, following the CLs prescription [97]
with a profile likelihood-ratio test statistic. A Poisson probability term describing the total number of
observed events is used, with the systematic uncertainties of the signal and background yields treated
as nuisance parameters and assigned Gaussian constraints with the appropriate widths, as described in
Section 7. Pseudo-experiments which sample the distribution of the profile likelihood ratio are generated
to compute the ?-value and derive the exclusion limits. The observed limits for all signal mass points as a
function of 2g0 are shown in Figure 6.
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function of 2g0 are shown in Figure 6.
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from the same background activity, the two vertices are required to be separated by at least �' = 1.0,
which has minimal impact (. 3%) on the overall signal acceptance. After the vertex isolation criteria are
applied, most vertices from punch-through jets are eliminated, and the main background contribution is
from non-collision backgrounds.

7.3 MS displaced vertex reconstruction e�ciency

The e�ciency for vertex reconstruction [48] is defined as the fraction of simulated LLP decays in the MS
fiducial volume that correspond to a reconstructed vertex passing the baseline event selection and satisfying
the vertex isolation criteria summarized in Table 3. A reconstructed vertex is considered matched to a
displaced decay if the vertex is within �' = 0.4 of the simulated decay position. The MS DV e�ciency is
parameterized as a function of the !GH and |!I | LLP decay position in the barrel and endcaps, respectively.
Figure 3(a) shows the e�ciency for reconstructing a vertex in the MS barrel for a selection of benchmark
samples. Figure 3(b) shows the e�ciency for reconstructing a vertex in the MS endcaps.
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Figure 3: E�ciency to reconstruct an MS DV for scalar portal samples with <Q = 125 GeV for vertices that pass
the baseline event selection and satisfy the vertex isolation criteria (no trigger selection is applied). (a): Barrel
MS DV reconstruction e�ciency as a function of the transverse decay position of the LLP. (b): Endcap MS DV
reconstruction e�ciency as a function of the longitudinal decay position of the LLP relative to the center of the
detector. These e�ciency distributions are based solely on MC simulation, without any corrections applied for the
mismodeling described in Section 7.3. The vertical lines show the relevant detector boundaries, where “HCal end” is
the outer limit of the hadronic calorimeter, “MDT 1/2” represent the first/second stations of MDT chambers and
“L/S” indicate whether they are in Large or Small sectors.

The MS barrel vertex reconstruction e�ciency is O(5�25)% near the outer edge of the hadronic calorimeter
(A ⇡ 4 m) and decreases substantially as the decay occurs closer to the middle stations (A ⇡ 7 m). The
decrease occurs because the charged hadrons and photons are not spatially separated and overlap when they
traverse the middle stations. This results in a reduction of the e�ciencies for tracklet reconstruction and,
consequently, vertex reconstruction. The e�ciencies are also shaped by the mass and boost of the LLP.
The higher the mass, the more activity there is in the MS and, therefore, the probability to reconstruct
vertices increases. Conversely, a lower boost means a greater spread of the decay products that result in
RoIs/tracklets outside the fiducial cone considered by the trigger and vertex reconstruction algorithms,
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ATLAS-CONF-2021-032

• Another approach: trigger on decays in muon spectrometer!

• Zero background search with full Run 2 data
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Figure 4: Comparison between observed and expected limits on (f/fSM) ⇥ ⌫ for <Q = 125 GeV and <B = 35 GeV
(a). Observed limits on (f/fSM) ⇥ ⌫ for <Q = 125 GeV (b), and on f ⇥ ⌫ for <Q < 125 GeV (c-f).
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• Studied prospects for the decay
<latexit sha1_base64="OuGvrlVbCrR6MSeclU/wDtrmdVo="></latexit>

h ! SS ! K+K�K+K�

Prospects on Higgs Exotic Decays to scalars 

3

• Search proposed in “Unleashing the full power of LHCb to probe Stealth New Physics” arXiv:2105.12668 

• Scalar S that mixes with the Higgs through a phase , according to the Lagrangian 

• LHCb provides the unique advantage to tackle displaced decays of S into exclusive hadronic states, thanks 
to the vertexing precision and particle identifications capabilities 

•  Expected upper limits for 
Analysis planned for Run 3!

arXiv:2105.12668 contribution by José Zurita
20
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M. Borsato et al., 2105.12668

• LHCb ideal environment for reconstructing exclusive hadronic 
decays of long-lived particles using precise vertexing, PID

• Analysis planned for Run 3!
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• Search proposed in “Unleashing the full power of LHCb to probe Stealth New Physics” arXiv:2105.12668 

• Scalar S that mixes with the Higgs through a phase , according to the Lagrangian 

• LHCb provides the unique advantage to tackle displaced decays of S into exclusive hadronic states, thanks 
to the vertexing precision and particle identifications capabilities 

•  Expected upper limits for 
Analysis planned for Run 3!

arXiv:2105.12668 contribution by José Zurita
contribution from J. Zurita, 2105.12668
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LHCb 2110.07293

• LLP decays to muon + 2 quarks

Search for long-lived particles decaying semileptonically

1

• Experimental signature: displaced vertex with an isolated muon 

• Higgs decays to long-lived particles is considered as benchmark model 

• Observables like the muon impact parameter and isolation are used to 
separate the signal from the background.

• Fit to the LLP candidate invariant mass 

• Data compatible with the bb background

ARXIV:2110.07293

• Muon isolation & impact parameter are 
used to separate signal and background

• Vertices have 3 or more tracks, >4.5 GeV 
mass

Search for long-lived particles decaying semileptonically

1

• Experimental signature: displaced vertex with an isolated muon 

• Higgs decays to long-lived particles is considered as benchmark model 

• Observables like the muon impact parameter and isolation are used to 
separate the signal from the background.

• Fit to the LLP candidate invariant mass 

• Data compatible with the bb background

ARXIV:2110.07293

Search for long-lived particles decaying semileptonically

2

• Higgs-like masses from 30 to 200 GeV tested, LLP mass from 10 GeV  to half the Higgs mass. 

• LLP lifetimes from 5 to 200 ps, no evidence observed.

ARXIV:2110.07293

Search for long-lived particles decaying semileptonically

1

• Experimental signature: displaced vertex with an isolated muon 

• Higgs decays to long-lived particles is considered as benchmark model 

• Observables like the muon impact parameter and isolation are used to 
separate the signal from the background.

• Fit to the LLP candidate invariant mass 

• Data compatible with the bb background

ARXIV:2110.07293
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• Recent progress in developing benchmark models for “visibly 
decaying particle” produced in dark showers

6

Decay portal decay operator VDP other dark hadron features section

A. gluon portal ⌘̃G
µ⌫

G̃µ⌫ ⌘̃ !̃ stable or !̃ ! ⌘̃⌘̃ hadron-rich shower III A

B. photon portal ⌘̃F
µ⌫

F̃µ⌫ ⌘̃ !̃ stable or !̃ ! ⌘̃⌘̃ photon shower III B

C. vector portal !̃
µ⌫

Fµ⌫ !̃ ⌘̃ stable semi-visible jet III C

D. Higgs portal ⌘̃H
†
H ⌘̃ !̃ stable or !̃ ! ⌘̃⌘̃ heavy flavor-rich shower III D

E. dark photon portal ⌘̃F
0µ⌫

F̃
0
µ⌫ + ✏F

0µ⌫
Fµ⌫ A

0
!̃ stable or !̃ ! ⌘̃⌘̃ lepton-rich shower III E

TABLE II. Overview of the decay portals and their corresponding phenomenology. The ⌘̃ and !̃ represent respectively the
lightest spin-zero and spin-one meson in the dark sector. The ⌘̃ is assumed to be a scalar in the Higgs portal model and a
pseudoscalar in the remaining models. We further defined F̃µ⌫ ⌘ 1

2 ✏µ⌫⇢�F
⇢� and F̃

0
µ⌫ ⌘ 1

2 ✏µ⌫⇢�F
0⇢�as the dual field strengths

of the SM and dark photon respectively. The decay portal column indicates the operator(s) that allow the unstable dark meson
to decay. The “other dark hadron” column indicates the possible decay channels for the hadron that does not decay back to
the SM.

with higher mass dimension give rise to similar fi-
nal states at the particle level, but (prohibitively)
longer hadron lifetimes.

• We also consider a scenario in Sec. III E which con-
tains an elementary dark photon, in addition to the
dark sector mesons. The ⌘̃ can then decay promptly
via a dark chiral anomaly to a pair of dark photons,
analogous to the ⇡

0 in the SM. The elementary dark
photon A

0 subsequently decays to the SM and is
therefore the VDP in this scenario.

These considerations lead us to a set of five scenarios,
as summarized in Tab. II. Within each scenario, the
branching ratios to SM states are completely determined,
depending only on the mass and (for particles decay-
ing directly into hadrons) CP properties of the unstable
hadron. These benchmark scenarios moreover produce a
wide range of interesting final state objects, as indicated
in the “features” column in Tab. II. In this sense, we
believe they provide good candidate benchmarks to help
expand the existing searches towards a more inclusive
search program.

In addition to fixing the branching ratios of the VDP,
the choice of portal has important consequences for its
expected lifetime. For the gluon and Higgs portal scenar-
ios in particular, we find that displaced decays are generic
in the m⌘̃ . 15 GeV regime. Three factors contribute to
make ⌘̃ long-lived in these cases:

• Constraints on the portal couplings that appear in
the IR e↵ective theory from both energy and inten-
sity frontier experiments.

• Model-building considerations when generating the
decay portal operator. For instance, in order to
generate a dominant, axion-like ⌘̃G eG coupling, new
colored states are needed. The possible masses
for such colored particles are however restricted by
LHC constraints, which therefore indirectly limit
the maximum strength of this operator.

• Dark hadrons are composite states. Thus (in
our QCD-like benchmarks where anomalous dimen-

sions are small) they are described by high-mass
dimension operators in the ultraviolet theory, and
their decay matrix elements are suppressed by the
corresponding powers of ⇤̃/M , where M is a large
mass scale associated with the UV completion.

In Sec. III and Appendix B we discuss these consider-
ations in detail for the decay portals listed in Table II,
deriving a lower bound on the lifetime of the VDP in
each scenario. These lower bounds, shown in Fig. 1,
are not rigorous exclusions, as they invoke theoretical bi-
ases in constructing relatively minimal UV completions,
avoiding fine tuning. More elaborate UV completions
or tuning could often achieve shorter lifetimes, though
they render the model less plausible in our estimation.
Rather, these lower bounds therefore indicate the kinds
of lifetimes which can be thought of as most natural or
generic.

In large-� theories one may well expect large anoma-
lous dimensions for the operators that create dark
hadrons, and in particular those that create spin-zero
hadrons. In this case the dark hadron fields could appear
more “elementary” than in the small-� regime, and their
decays would accordingly be less suppressed. It is possi-
ble for dark hadron lifetimes to be substantially shorter
in large-� theories. However we emphasize that these
shorter lifetimes would be correlated with more isotropic
average events, and that our choice to use PYTHIA hid-
den valley module means that we do not model this
regime.

For the dark photon portal, the ⌘̃ decays promptly to
a pair of dark photons (A0), and the relevant lifetime
constraints are on the (elementary) dark photon itself.
Prompt dark photon decays are currently still allowed
for mA0 & 10 MeV [73, 74], though planned searches
at LHCb in particular [75] would raise this minimum
prompt mass to mA0 & 100 MeV by the end of the high
luminosity run of the LHC.

Once c⌧ � 1 m, the probability of observing an event
with multiple decays in the detector becomes negligibly
small. In such scenarios, the phenomenology of inter-
est is that of a single displaced vertex, rather than of

7
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FIG. 1. Estimated minimum proper lifetime for the VDP,
decaying through the various portals of Table II; see Sec. III
for details.

a dark shower.3 Given that our focus is on topologies
with multiple dark sector meson decays occurring within
the same event, Fig. 1 therefore implies an approximate
lower bound on the mass of the VDP for which a dark
shower signature is realized in each of the scenarios in
Table II. These lower bounds are particularly relevant
for the Higgs and gluon portal models and have impor-
tant implications for the branching ratios of the ⌘̃, which
impact both online and o✏ine search strategies. For ex-
ample, in the Higgs portal model we will see that the
⌘̃ ! ⌧⌧ and ⌘̃ ! cc̄ channels are always kinematically
open for m⌘̃ above our approximate lower bound.

III. BENCHMARK MODELS

A. Gluon portal

If the VDP has zero spin, it can be coupled to SM
gluons through the operators

L �
↵s

8⇡

⌘̃

f⌘̃
Gµ⌫G̃

µ⌫ and/or
↵s

8⇡

⌘̃

f⌘̃
Gµ⌫G

µ⌫
, (1)

depending on the CP properties of ⌘̃. Here we defined
G̃

µ⌫
⌘

1
2✏

µ⌫⇢�
G⇢�. The parameter f⌘̃ is the e↵ective de-

cay constant of ⌘̃ and sets its lifetime. We will work under
the assumption that ⌘̃ is a pseudo-scalar and thus couples
through the first operator (1) only. In CP-violating sce-
narios where both operators in (1) are present, the VDP
lifetime can be altered by an O(1) amount as compared

3 If the mass of the VDP is low and c⌧ � 1m, this scenario may be
too soft for the main LHC detectors. On the other hand, due to
the increased multiplicity of long-lived particles in these events,
the sensitivity of possible external detectors such as MATHUSLA
[76] and CODEX-b [77] is enhanced relative to the sensitivity for
long-lived particles produced singly or in pairs [78].

to the CP-conserving case. This is particularly so for
m⌘̃ . 2 GeV, where the various exclusive decay modes
depend qualitatively on the CP properties of ⌘̃.

The operator in (1) is an irrelevant operator and there-
fore requires a UV completion, all the more so because ⌘̃
itself is a composite particle. As an intermediate step, we
consider a theory with a heavy, elementary pseudo-scalar
particle a that mixes with the ⌘̃-meson

L � �
1

2
m

2
a
a
2

�
↵s

8⇡

1

fa
aGµ⌫G̃

µ⌫
� iy a ̄�5 (2)

where fa and y respectively parametrize the coupling of
a to the gluons and to the dark sector quarks  . This
particular choice of mediator has the additional advan-
tage that a can also serve as an s-channel production
portal, through the process gg ! a !   ̄, after which
the  initiate the shower in the dark sector.

With the normalization defined in (1), the partonic
width of ⌘̃ to gluon pairs at next-to-leading order is then
given by [79]

� =
↵s(m⌘̃)2
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1 +

✓
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�
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Nf

◆
↵s(m⌘̃)

⇡

�
(3)

with Nf the number of SM quarks with mf < m⌘̃. This
formula is valid if ⌘̃ is heavy enough that decays to gluons
is a good approximation; following [80], we define this
regime as m⌘̃ > 1.84 GeV. Here ↵s(m⌘̃) is the running
SM strong coupling, evaluated at m⌘̃. For m⌘̃ < 1.84
GeV, we consider direct decays to hadrons following the
treatment of Aloni et.al. [80]. We refer to Appendix B 1
for more details and for its implementation in our python
package.

In a full UV completion of (2), of which we supply an
example in Appendix B 1, both fa and y are bounded.
This implies a (somewhat model-dependent) lower bound
on f⌘̃ and therefore a lower bound on the lifetime of ⌘̃:

c⌧ & 7 cm ⇥

⇣
ma

500 GeV

⌘4
⇥

✓
5 GeV

m⌘̃

◆7

. (4)

Model points that violate this constraint likely have col-
ored fermions with mass . 2 TeV, which is in tension
with LHC constraints, as explained in Appendix B 1.
The estimate in (4) can be accessed through the func-
tion ctau_min(m) in the python package.

In Fig. 2 we plot the corresponding upper bound on
the average number of ⌘̃ particles with pT > 5 GeV
and |⌘| < 2.4 that decay within a given distance from
the beamline. We take a benchmark point with Nc = 3
and N = 1, as obtained with PYTHIA 8, and saturate
the lower bound in (4). For the 500 GeV and 750 GeV
benchmarks we further assume that a is responsible for
the production rate as well and thus set ma = 500 GeV
and ma = 750 GeV respectively. For the 125 GeV bench-
mark, on the other hand, we assume production through
an exotic h !   ̄ decay, and set ma = 500 GeV for the

11

FIG. 6. Approximate theoretical lower bound on the pro-
duction cross section as a function of the !̃ lifetime, in the
minimal scenario where the dark shower production and de-
cay both occur through the same vector portal interaction,
(8). The gray area is theoretically disfavored, as it violates
the electroweak precision constraints on ✏, as discussed Ap-
pendix B 3.

D. Higgs portal

In the Higgs portal model a light hidden sector meson
decays by mixing with the SM Higgs boson. For this to
occur there must be a scalar meson in the spectrum which
is accidentally stable with respect to decays internally to
hidden sector. This can occur either because the scalar
meson in question is the lightest particle in the dark sec-
tor or because no decay channels to lighter dark mesons
are kinematically open. The most well-known example
of the former is the pure glue hidden valley [40], which
features in some neutral naturalness models [3, 4, 58].
In such models the lightest dark sector glueball is a 0++

state [62] that can mix with the SM Higgs. This e↵ec-
tively occurs through a dimension 6 operator, leading
to very long lifetimes [4]. Other examples are N = 1
models at small Nc, where the CP-even scalar meson is
accidentally stable against decays to other hidden sec-
tor states [1], theories where the dark sector quarks are
scalars rather than fermions, or in dark sectors where CP
is violated with an O(1) amount.

Here we will work with the same simplified hadroniza-
tion model as for the other portals, and simply assume
that ⌘̃ now represents a CP-even scalar rather than a
pseudoscalar. Given that the hadronization model was a
toy model to begin with, we will not apologize for this
somewhat inelegant sleight-of-hand. Concretely, the de-
cay of the ⌘̃ is facilitated by the cubic coupling

L � �µ⌘̃H
†
H (13)

that generates ⌘̃-Higgs mixing after electroweak symme-
try breaking. While (13) is a relevant coupling, a UV
completion is still needed, since ⌘̃ is a composite parti-
cle. In Appendix B 4 we illustrate how a plausible UV
completion will also generate the quartic coupling

L � ��⌘̃
2
H

†
H, (14)

which generates a contribution to m⌘̃ after electroweak
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FIG. 7. Number of ⌘̃ mesons with pT > 5 GeV and |⌘| < 2.4
that decay in the tracker, saturating the lower bound on a
theoretically well-motivated c⌧ in (15). (See Appendix B 4).
Bands represent the ±1 standard deviation of the multiplicity,
to indicate the event-by-event variation. The solid (dashed)
lines indicate decays satisfying Lxy < 1 m (Lxy < 1 mm).

symmetry breaking. In the absence of tree-level fine tun-
ing, this new contribution cannot exceed m⌘̃, which in
turn bounds the size of the cubic interaction in (13).
This connection is model-dependent however, and in Ap-
pendix B 4 we present what we consider the most “opti-
mal” scenario, in the sense that it minimizes c⌧ with-
out relying on fine-tuning or large anomalous dimen-
sions. (The latter are a priori allowed, but as discussed in
Sec. II B, they are expected to violate important underly-
ing assumptions in the PYTHIA hidden valley module.)
The minimum lifetime scales roughly as

c⌧ & 3 cm ⇥

✓
5 GeV

m⌘̃

◆7

(15)

though the various kinematical thresholds can provide
appreciable corrections to this simple power law depend-
ing on the meson mass. These threshholds are responsible
for the mild kinks in Fig. 1.

The corresponding vertex multiplicity is shown in
Fig. 7, where for the 500 GeV and 750 GeV benchmarks
we must assume an additional mediator to initiate the
shower. The a or A

0 particles in Sec. III A and Sec. III C
are possible candidates for this. As was the case for the
gluon portal, we find that a dark shower topology is less

S. Knapen, J. Shelton, D. Xu, 2103.01238 [PRD]
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DARK SHOWERS

24

• New proposals for LHCb searches for softer dimuon displaced 
vertices - dark shower provides larger acceptance for search

M. Borsato et al., 2105.12668

• Based on twin Higgs benchmark model

Prospects on Higgs Exotic Decays to Hidden Valley

4

• Search proposed in arXiv:2105.12668 

• Hidden quarks may decay in hidden pions, pseudoscalars or vector: 

• In previous searches LHCb looked for hard pions, but it would be helpful to search for softer final states

Run 3 prospects on HV vector decaying to two muons, 
assuming Higgs as portal

arXiv:2105.12668 contribution by Yuhsin Tsai

contribution from Y. Tsai, 2105.12668
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HIGGS SUEP
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• Confining hidden sectors can also lead to highly isotropic 
distributions (SUEP = “soft unclustered energy patterns”)

S. Knapen et al., 1612.00850 [JHEP]

• Recent study of SUEP produced in exotic Higgs decays

Figure 2: Comparison of QCD and SUEP distributions of selected observables.

The variable that we introduce for the specific purpose of studying SUEP events is

the interparticle distance matrix �Rij for charged hadron tracks in the lab frame. It

captures the unique topology of SUEP events while being very suitable for machine-learning

applications, since it is invariant under re-definitions of the azimuthal angle around the

beam axis. It is also useful to define the mean �R of all matrix entries.

Figure 2 shows distributions of Ncharged, I, and �R for the QCD background and a

variety of SUEP benchmark points after trigger selection. The separation between signal

and background is clear, with SUEP having higher multiplicity, more isotropic distribu-

tion of tracks, and a significantly wider spread of inter-particle distances. To understand

how these observables change across SUEP parameter space, we show their average values

(across the whole sample after trigger selection) as a function of mD and TD in Figure 3.

The pairwise correlations between each of these observables are included in the Appendix

in Figure 8, demonstrating that each of these three variables encode distinct information

about each event.

In addition to the trigger requirements, we therefore impose the following pre-selection

cuts on all events:

Ncharged � 70 , I < 0.07 , �R < 3 . (4.1)

This cut targets the most SUEP-like parts of signal parameter space with low dark Hage-

dorn temperature and/or low dark hadron mass (see Fig. 1). All but 2.2% of the post-

trigger background is eliminated, while leaving 31.8% of signal for mD = 0.4 GeV and

TD = 0.4 GeV. These requirements are less optimal for larger dark hadron masses or tem-

peratures — for example, the signal e�ciency is only 1.1% for mD = 5 GeV, TD = 20 GeV.

However, larger temperatures and masses generally lead to higher-energy final states or

separable resonances, and are therefore not the focus of our present analysis.

We now consider three options for SUEP searches at the HL-LHC, using events which

pass the baseline pre-selection as a starting point:

1. The simplest strategy is a cut-and-count analysis using high-level observables. It

will serve as a baseline for more sophisticated machine-learning techniques, and can

be implemented very easily and e↵ectively with a stricter cut on �R compared to

– 10 –

J. Barron et al., 2107.12379

(a) (b) (c)

Figure 6: AUC for (a) cut on �R, (b) fully connected autoencoder, (c) supervised graph

network trained using cocktail of signal parameter choices (training parameters indicated

with red dots). These plots illustrate the significant performance improvements of the

autoencoder relative to the simple �R cut, and of the supervised cocktail approach relative

to the autoencoder.

(a) (b) (c)

Figure 7: Minimum excludable Br(h ! SUEP) at the HL-LHC, assuming 1% systematic

uncertainty on QCD background for (a) cut on �R, (b) fully connected autoencoder, (c)

supervised graph network trained using cocktail of signal parameter choices (indicated

with red dots). Note that the limited statistics of our QCD background sample leads these

projections to be very conservative while also de-emphasizing the performance di↵erences

between the three methods.

and the cocktail-trained supervised network, all assuming 1% systematic uncertainty on

the background. Both the cut and the autoencoder can probe %-level branching ratios.

In the Appendix we show sensitivity projections assuming a much larger 10% systematic

background uncertainty, with only very modest degradation in reach. This shows that the

overwhelming QCD background has been reduced to low enough levels to make the search

statistics limited, and speaks to the robustness of our results.
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GAPS & OPPORTUNITIES
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• Prompt:
• Fully hadronic decays                                  . Machine 

learning can help!

<latexit sha1_base64="JHphGJh9fJ8BXW1iF8PzVOalDt8="></latexit>

(h ! gggg, ggbb, . . .)

• Semi-visible decays, especially non-resonant (hadrons, 
leptons, photons)

•        and     regions
<latexit sha1_base64="3XCWLcLzTxWdaAC+uUq1OPu6nBg="></latexit>

J/ 
<latexit sha1_base64="XdiiHEfweEosPMCFb4w2RczzRiY="></latexit>

⌥
• Displaced:

• Final states with photons and taus
• Low-pT final states
• Opportunities for seeding HLT displaced triggers from L1 

lepton or photon triggers

• Both:
• Large number of BSM states (cascade decays, dark showers)

M. Cepeda et al., 2111.12751; J. Alimena et al., 1903.04497; J. Alimena et al., 2110.14675; M. Borsato et al., 2105.12668; … 

S. Jung et al., 2109.03294



27

SUBGROUP TASKS
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• Work on benchmarks:
• ALPs for photon/gluon decays
• Semi-visible decays (ff+MET); goal: summer 2022

• LLP searches and opportunities:
• Note in early stages; goal: first quarter 2022

• Improved calculation of meson + vector boson decays of SM Higgs
• Calculation in advanced stages; goal: soon

• Reinterpret prompt decay results for LLP searches. Should be do-
able now that many full Run 2 results are out

• Reinterpretation of long-lived exotic Higgs decay searches

• After 2 difficult years, there is energy for organizing more regular 
meetings, mini-workshops, and making progress on these items!
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DISCUSSION QUESTIONS

28

• Any gaps in long-lived particle searches not discussed here? New 
ideas for LLPs?

• What are well-motivated and best benchmarks for high multiplicity 
exotic Higgs decays?

• Is it straightforward to compare results from ATLAS, CMS, LHCb? 
Are there reinterpretation materials you wish you had?

• New ideas for exotic Higgs decay-related triggers?

• What are good ALP benchmarks for gauge boson rich signatures?

• What are the most pressing first searches for Run 3?


