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Ongoing analyses

● Long Lived Particles program (Run II):

● Prompt di-jet scalar resonance searches (b and c di-jets)

● New trigger lines for Run III (di-jets, di-electrons, di-photons)

➔ Updated search for displaced di-jet resonances

➔ Search for lepton flavour violating LLP 
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(ATLAS-CONF-2018-031)
•  Current constraint from fits to Higgs parameters is about Br(H→BSM) < 26%

➡ Still a lot of space for new physics in Higgs decays!

• Will give an overview of recent progress in theory and experiment in the exotic 

Higgs decays subgroup

https://cds.cern.ch/record/2629412/files/ATLAS-CONF-2018-031.pdf
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arXiv:1807.00539 HIG-18-011-pas
limits are set in the 20  ma  60 GeV range for which the signal samples were simulated and range
between 2 ⇥ 10�4 and 10�3 (see Figure 6(a)).

A model-independent fit that does not include any prediction for the signal yields in SRs and CRs is
also performed. The upper limit on the number of BSM events for each mass bin of the SR is translated
to a 95% CL upper bound on the visible cross-section for new physics times branching ratio into bbµµ
final state (including the KL fit constraint on mbb ⇠ mµµ and the four-object invariant mass constraint
mKL

bbµµ ⇠ mH ), �vis(X) ⇥ B(X ! bbµµ). The visible cross-section is defined as the product of the
production cross-section and acceptance ⇥ e�ciency (�vis(X) = �prod(X) ⇥ ✏X) of a potential signal after
all the analysis selection criteria have been applied. The limits range from 0.1 fb to 0.73 fb, depending
on the dimuon mass, and are shown in Figure 6(b). The most significant excess of data over the SM
prediction is found at mµµ = 38 GeV, with a local significance of 1.6 standard deviations.
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Figure 6: The (a) observed and expected upper limits at the 95% confidence level on B(H ! aa ! bbµµ) given the
SM Higgs boson production cross-section in the ggF, VBF and VH modes and (b) model-independent upper limits
on the visible cross-section for new physics times branching ratio to the bbµµ final state �vis(X) ⇥ B(X ! bbµµ).

7 Conclusions

In summary, a search for exotic decays of the Higgs boson into two spin-zero particles in the bbµµ
final state is presented. The analysis uses 36.1 fb�1 of pp collision data collected by ATLAS during
the 2015 and 2016 runs of the LHC at

p
s = 13 TeV. The search for a narrow dimuon resonance is

performed over the range 18 GeV  mµµ  62 GeV using mass bins that are 2, 3 or 4 GeV wide depending
on mµµ. No significant excess of the data above the SM prediction is observed. Upper limits are set on
(�H/�SM)⇥B(H ! aa ! bbµµ) and range between 1.2⇥10�4 and 8.4⇥10�4, depending on ma. In Type-
III 2HDM+S scenario with tan � = 2 these limits translate into upper limits on (�H/�SM) ⇥ B(H ! aa)
ranging between 7% and 47%. The same analysis, implementing all selection criteria including mbb ⇠ mµµ

and mKL
bbµµ ⇠ mH constraints, is used to set the model-independent limits on the visible cross-section for

new physics times branching ratio to the bbµµ final state (�vis(X) ⇥ B(X ! bbµµ)), ranging from 0.1 fb
to 0.73 fb, depending on the dimuon mass.
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Figure 4: Observed and expected upper limits at 95% CL on the (left) Higgs boson production
times B(h ! a1a1 ! µ+µ�bb) and (right) the branching ratio as a function of ma1 . The in-
ner and outer bands indicate the regions containing the distribution of limits located within
68% and 95% confidence intervals, respectively, of the expectation under the background–only
hypothesis.

type-IV 2HDM+S, using only the µ+µ�bb signal. The allowed ranges for B(h ! a1a1)  1 and
B(h ! a1a1)  0.34 are also presented. Constraints from Run I Higgs boson measurements at
the LHC allow B(h ! BSM) up to 0.34 [7].
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Figure 5: Observed upper limits on B(h ! a1a1) in the plane of (ma1 , tan b) for (left) type-III
and (right) type-IV 2HDM+S, using only the µ+µ�bb signal.

The effect of including the µ+µ�t+t� signal is studied in the (ma1 , tan b) plane for the four
types of 2HDM+S. For a given (ma1 , tan b) the relevance of µ+µ�t+t� depends on the ra-
tio B(a1 ! tt)esel.

µµtt/B(a1 ! bb)esel.
µµbb as well as the sensitivity of the analysis. Here esel.

refers to the acceptance and the selection efficiency of the process. The contribution of the
µ+µ�t+t� signal is found nonnegligible in the type-III 2HDM+S with tan b ⇡ 5. Figure 6
shows the observed limits on B(h ! a1a1) in the (ma1 , tan b) plane, including the contribution
of µ+µ�t+t� signal for type-III 2HDM+S. The observed limit contours of B(h ! a1a1) = 1.00
and B(h ! a1a1) = 0.34 are extended compared with Fig. 5 (top).

• Update of 8 TeV analysis
‣ Using several categories of b-tagged events:  

loose-tight, tight-tight, tight-medium
‣ Extend down to ma = 20 GeV

• Unbinned fit to mµµ

• First ATLAS bbµµ result

• Cut-and-count analysis, 
scan mµµ in multiple bins
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Figure 6: Observed upper limits on B(h ! a1a1) in the plane of (ma1 , tan b) for type-III
2HDM+S, including µ+µ�t+t� signal that is misidentified as µ+µ�bb.

7 Summary
A search for the Higgs boson decay to a pair of new pseudoscalars h ! a1a1 ! µ+µ�bb,
motivated by the NMSSM and extensions to two-Higgs-doublet models, is carried out us-
ing a sample of proton-proton collision data corresponding to an integrated luminosity of
35.9 fb�1 at

p
s = 13 TeV. No statistically significant excess is found in data with respect to

the SM background prediction. The results of the analysis are presented in the form of up-
per limits, at 95% CL, on the Higgs boson production cross section times branching ration,
sh ⇥ B(h ! a1a1 ! µ+µ�bb) as well as on the Higgs boson branching ratio assuming the SM
prediction of sh. The former ranges between 5 to 36 fb, depending on ma1. The corresponding
limits on the branching ratio are (1–6)⇥ 10�4 for the mass range of 20  ma1  62.5 GeV. In an
analysis performed by ATLAS [19], the limits on the branching ratio range between 2 ⇥ 10�4

and 10�3. Compared with the similar analysis in Run I [15], the expected upper limits on the
branching ratio are improved by more than a factor of two.
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Figure 5: The predicted and observed mµµ distributions in the SR after the background-only fit. The signal
distributions are also shown assuming the SM Higgs boson cross-section (including ggF, VBF and VH production)
and B(H ! aa ! bbµµ) = 0.04%. The hashed bands show the total statistical and systematic uncertainties of the
backgrounds.

Table 2: Total and individual background yields in five representative mµµ bins of the signal region. The yields
are the post-fit values as determined by the background-only fit. The uncertainties shown include all systematic
uncertainties and the statistical MC uncertainty. W+jets contribution in the SR is found to be negligible and is
therefore not shown in the table.

mµµ bin [GeV] [19–21] [29–31] [39–41] [48–52] [58–62]

Observed events 6 6 16 48 29

Total background 4.84 ± 0.97 7.8 ± 1.2 13.7 ± 2.2 37.9 ± 5.1 30.8 ± 4.2

tt̄ 0.96 ± 0.29 3.08 ± 0.74 6.6 ± 1.5 18.1 ± 4.3 14.8 ± 3.3
DY 3.88 ± 0.92 4.5 ± 1.1 7.1 ± 1.7 19.0 ± 4.5 15.5 ± 3.6
Dibosons < 0.01 < 0.01 0.02+0.04

�0.02 0.26 ± 0.16 0.3 ± 0.1
Single top < 0.01 0.2 ± 0.2 < 0.01 0.65+0.97

�0.65 0.09+0.19
�0.09

tt̄V < 0.01 < 0.01 < 0.01 0.01+0.02
�0.01 0.05 ± 0.03

12

8

6 Results
The analysis yields no significant excess of events over the SM background prediction. Figure 3
shows the mµµ distribution in the data of all categories together with the best fit output for the
background model, including uncertainties.
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Figure 3: The best fit output to the data under the background-only hypothesis for the (top-left)
TL category, (top right) TM category, (bottom left) TT category and (bottom right) all categories,
presented together with 68% CL uncertainty band for the background model.

The upper limit on sh ⇥ B(h ! a1a1 ! µ+µ�bb) is obtained at 95% CL using the CLs crite-
rion [55, 56] and an asymptotic approximation to the distribution of the profiled likelihood
ratio test statistic [57]. Assuming the SM cross sections for the Higgs boson production pro-
cesses within the theory uncertainties, an upper limit is placed on B(h ! a1a1 ! µ+µ�bb)
using the same procedure. Limits are evaluated as a function of ma1 . The observed and ex-
pected limits are illustrated in Fig. 4 for both scenarios. Dominant systematic uncertainties are
those associated with the b jet identification. For ma1 = 40 GeV, the b-tagging uncertainties
arising from LF contamination and JES amount to 17% and 14%, respectively. At the same ma1 ,
the relative difference between the expected limit of the best-fit background model and that of
the unconditional fit is about 10%. Other uncertainties are below 5%.

Observed limits on B(h ! a1a1) are shown in Fig. 5 in the plane of (ma1 , tan b) for type-III and

H→aa→2b2µ

https://arxiv.org/abs/1807.00539
https://cds.cern.ch/record/2648829/files/HIG-18-011-pas.pdf
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H→aa→4b

• Update of 13 TeV 4b analysis with 36 fb-1

‣ VH production - add ZH (lep-lep) 
category

‣ Improved analysis technique:  train 
BDT for each ma -  better sensitivity for 
low ma
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Figure 9: Summary of the 95% CL upper limits on � ⇥ B(H ! aa ! 4b) for (a) the single-lepton channel and (b)
the dilepton channel, and (c) the combination of both channels. The observed limits are shown, together with the
expected limits (dotted black lines). In the case of the expected limits, one- and two-standard-deviation uncertainty
bands are also displayed.
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• Reinterpretation of the prompt analysis for 

slightly displaced signals

‣ Explore the transition between prompt 
and long-lived searches

Dedicated LLP 
searches

Reinterpretation

Gap

https://link.springer.com/article/10.1007%2FJHEP10%282018%29031
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Figure 2: The Higgs boson decays to a pair of dark fermions fd2 , each of which decays to a Hidden Lightest Stable
Particle (HLSP) and a dark photon (left) or to a HLSP and a dark scalar sd1 (right) that in turn decays to a pair of
dark photons �d.

minimum transverse energies of ET > 35 GeV and ET > 25 GeV are used. For the muon channels, a
dimuon trigger with a pT threshold of 13 GeV as well as a single-muon trigger with a pT threshold of 36
GeV are used. For the mixed channels where both electrons and muons are present, the single-electron,
the single-muon and the dimuon triggers are used.

Electron candidates to be used to build lepton-jets are reconstructed from clusters of deposited energy
with ET > 10 GeV inside the EM calorimeter fiducial region, |⌘| < 2.47, excluding the barrel/end-cap
transition region 1.37 < |⌘| < 1.52 where there is substantial inactive material that is di�cult to model
accurately. Each cluster must have at least one inner detector track associated. The reconstructed electron
is required to match an electron trigger object above the ET trigger threshold in the trigger system within
�R ⌘

p
(��)2 + (�⌘)2 < 0.2. The transverse shower profiles of these reconstructed electrons di↵er with

respect to an isolated electron from a W or Z boson because the electrons overlap.

Muon candidates to be used to build lepton-jets must be reconstructed in both the ID and the MS and
have |⌘| < 2.5. Additional requirements are placed on the number of associated hits in the silicon pixel
and microstrip detectors, as well as on the number of track segments in the MS. A requirement |d0| < 1
mm with respect to the primary vertex is imposed on muons. Muon candidates are required to match to
the muon trigger objects within �R < 0.2.

4.1 Track selection

The track selection criteria are crucial for reconstruction of close pairs of tracks and for assessment of
fake rates (e.g. when a single track is misreconstructed as two tracks). The criteria are as follows:

• pT > 5 GeV, |⌘ | < 2.5.

6

6

• Probing 0.25 < ma < 8.5 GeV
• New trigger with increased sensitivity 

to displaced vertices
• Interpretation in 2 models:

arXiv:1812.00380
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Figure 2: Left: The limits are compared to a representative model (solid curve) obtained using
the simplified scenario described in the text. The figure is separated into two regions: mhi

=
mh1 < 125 GeV with mh2 = 125 GeV, and mh1 = 125 GeV with mhi

= mh2 > 125 GeV. Right:
These limits are compared to a representative model (solid curve) from the simplified scenario
described in the text. The simplified scenario includes gg-fusion, VBF, and VH production
modes.

sance parameters for each value of the signal strength s; this results in the profile likelihood
being a function only of s. The limit is shown as a function of ma in Fig. 1 (right) over the range
0.25 < ma < 8.5 GeV; the limit varies between 0.16 and 0.45 fb. This result can be interpreted in
the context of specific models.

For the NMSSM scenario, the 95% CL upper limit is derived for s (pp ! h1,2 ! 2a1)B2(a1 !
2µ) as a function of mh1,2 for two choices of ma1 as shown in Fig. 2 (left) and as a function
of ma1 for three choices of mh1 as shown in Fig. 2 (right). Since the choice of mh1 does not
restrict mh2 , we choose to set efull(mh2) = efull(mh1) to simplify the expression. This choice
is conservative because efull(mh2) > efull(mh1) if mh2 > mh1 , for any mh1 . In this simplified
scenario, B(a1 ! 2µ) is a function of mh1 as calculated in Ref. [48]. To facilitate comparison
between the upper limits derived from this analysis and upper limits following from setting
parameters in theoretical models, we include reference curves (solid line) in both Fig. 2 left
and right. For both reference curves, the ratio of the vacuum expectation values of the Higgs
doublets tan b is set to 20. We also set s(pp ! hi) = sSM(mhi

) [66] and B(mhi
! 2a1) = 0.3%

so that the resulting reference curves are similar to the upper limits that are determined from
the yield of dimuon pair events observed in the data. In Fig. 2 (left), the representative value
of B(a1 ! 2µ) is equal to 7.7% for ma1 ⇡ 2 GeV. In the region where mhi

< 125 GeV, mh1 is
the independent variable and it is assumed that mh2 is the mass of the observed 125 GeV Higgs
boson. In the region where mhi

> 125 GeV, mh2 is the independent variable and it is assumed
that mh1 is the observed Higgs boson mass. Compared to the upper limits shown in Refs. [15],
Fig. 2 (left) represents an improvement of a factor of ⇡1.5 for ma1 = 3.55 GeV (dotted curve)
and a factor of ⇡3 for ma1 = 0.25 GeV (dashed curve). In Fig. 2 (right), we present 95% CL
upper limits as functions of ma1 in the NMSSM scenario on s(pp ! hi ! 2a1)B2(a1 ! 2µ)
with mh1 = 90 GeV (dashed curve), mh1 = 125 GeV (dash-dotted curve), and mh2 = 150 GeV
(dotted curve). It is assumed that all contributions come from either h1 or h2; there is no case

NMSSM: tanβ = 20

Dark SUSY scenario 9

in which both h1 and h2 decay to the a1. The sharp inflections in the reference curve are due
to the fact that B(a1 ! 2µ) is affected by the a1 ! ss and a1 ! gg channels. As mh1 crosses
the internal quark loop thresholds, B(a1 ! gg) changes rapidly, giving rise to structures in
B(a1 ! 2µ) at these values of mh1 .
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Figure 3: The 90% CL upper limits (black solid curves) from this search as interpreted in the
dark SUSY scenario, where the process is pp ! h ! 2n1 ! 2gD + 2nD ! 4µ + X, with
mn1 = 10 GeV, and mnD = 1 GeV. The limits are presented in the plane of the parameters
(# and mgD). Constraints from other experiments [22, 67–82] showing their 90% CL exclusion
contours are also presented. The colored contours for the CMS and ATLAS limits represent
different values of B(h ! 2gD + X) that range from 0.1 to 40%.

For the dark SUSY scenario, a 90% CL upper limit is set on the product of the Higgs boson
production cross section and the branching fractions of the Higgs boson (cascade) decay to
a pair of dark photons. The limit set by this experimental search is presented in Fig. 3 as
areas excluded in a two-dimensional plane of # and mgD. Also included in Fig. 3 are limits
from other experimental searches [22, 67–82]. For both this search, and the ATLAS searches,
limits are shown for values of B(h ! 2gD + X) in the range 0.1–40%. The kinetic mixing
parameter #, the mass of the dark photon mgD, and the lifetime of the dark photon tgD are
related via an analytic function f (mgD) that is solely dependent on the dark photon mass [83];
namely, tgD(#, mgD) = #�2

f (mgD). The lifetime of the dark photon is allowed to vary from 0
to 100 mm and mgD can range from 0.25 to 8.5 GeV. Because of the extensions in the ranges of
these parameters, this search constrains a large and previously unexplored area in the # and
mgD parameter space. The limits on # presented in this Letter improve on those in Ref. [15] by
a factor of approximately 2.5.

• ATLAS 8 TeV:
‣ prompt: 1511.05542
‣ long-lived: 1409.0746
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8 Summary
A search for pairs of new light bosons that subsequently decay to pairs of oppositely charged
muons is presented. This search is developed in the context of a Higgs boson decay, h !
2a + X ! 4µ + X and is performed on a data sample collected by the Compact Muon Solenoid
experiment in 2016 that corresponds to an integrated luminosity of 35.9 fb�1 proton-proton
collisions at 13 TeV. This data set is larger and collected at a higher center-of-mass energy
than the previous CMS search [15]. Additionally, both the mass range of the light boson a
and the maximum possible displacement of its decay vertex are extended compared to the
previous version of this analysis. Thirteen events are observed in the signal region (SR), with
9.90 ± 1.24 (stat) ± 1.84 (syst) events expected from the standard model (SM) backgrounds. The
distribution of events in the SR is consistent with SM expectations. A model independent 95%
confidence level upper limit on the product of the production cross section times branching
fraction to dimuons squared times acceptance is set over the mass range 0.25 < ma < 8.5 GeV
and is found to vary between 0.16 and 0.45 fb. This model independent limit is then interpreted
in the context of dark supersymmetry (dark SUSY) with nonnegligible light boson lifetimes of
up to ctgD = 100 mm and in the context of the next-to-minimal supersymmetric standard model
(NMSSM). For the dark SUSY interpretation, the upper bound of mgD was increased from 2 to
8.5 GeV and the excluded # was improved by a factor of approximately 2.5. In the NMSSM,
the 95% CL upper limit was improved by a factor of ⇡1.5 (3) for ma1 = 3.55 (0.25)GeV over
previously published limits.
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H→aa summary
• New: ATLAS summary plots

‣ Showing the limits also in the quarkonia 
regions (using calculations from JHEP3(2018)178)

‣ Nice complementarity of different 
channels for different tanβ  valuesN
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Figure 6: Observed and expected 95% CL upper limits on �H

�SM

⇥ B(H ! aa) in the 2HDM+S type-III tan� = 2
scenario. The limits on H ! µµ⌧⌧ and H ! 4� are derived from exotic 125 GeV Higgs decay searches with 8 TeV
data. All the other constraints are derived from exotic Higgs decay searches with data collected at 13 TeV in 2015 and
2016. The branching fractions of the pseudoscalar boson to SM particles are computed following the prescriptions in
Ref. [1].
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 Higgs Exotic Decay 1

H→LLP
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H→displaced muonswhere values as large as 25% have not yet been ruled out by constraints from Higgs coupling fits [70,
71]. For ✏ ⌧ 1, the ZD branching fraction to muons, B (ZD ! µ+µ�), is independent of ✏ but varies with
mZD [69]: from a value of 0.1475 for mZD = 20 GeV to a value of 0.1066 for mZD = 60 GeV. Five signal
samples were generated with ZD masses and lifetimes given in Table 2. The Higgs boson is produced via
the gluon-gluon fusion process, assuming a cross-section of 44.1 pb, calculated at next-to-next-to-leading
order in the strong coupling constant, adding the resummation of soft gluon emission at next-to-next-
to-leading-logarithmic accuracy [72]. The inclusion of other production processes was found to have a
negligible impact on the analysis.
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Figure 1: Diagrams representing BSM processes considered signals in this article: (a) long-lived neutralino �̃0
1

decay in a GGM scenario, and (b) long-lived dark photons ZD produced from Higgs boson decay. The quarks, q,
may have di�erent flavors (excluding the top quark). The symbol f represents fermions lighter than half the mass
of the Z boson.

Table 2: MC signal samples for the dark-sector interpretation. For all samples, mH = 125 GeV, mHD = 300 GeV,
� (pp ! H) = 44.1 pb (via the gluon-gluon fusion production process) and B (H ! ZDZD) = 0.10.

mZD [GeV] c⌧ZD [cm] B (ZD ! µ+µ�)

20 50 0.1475
40 50 0.1370
40 500 0.1370
60 50 0.1066
60 500 0.1066

The signal samples were generated with only a few di�erent choices of lifetime for the LLP: c⌧gen = 50,
100 or 500 cm. To obtain distributions corresponding to a di�erent lifetime, c⌧new, each event is given a
weight. The weight wi assigned to each LLP i is computed as:

wi (ti) =
⌧gen

e�ti/⌧gen
·

e�ti/⌧new

⌧new
,

where the first factor reweights the exponential decay to a constant distribution and the second factor
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Figure 8: The observed and expected 95% CL upper limits on the product of cross-section and branching ratios,
� ⇥ B = � (pp ! H) ⇥ B (H ! ZDZD) ⇥ B (ZD ! µ+µ�), in the dark-sector model, as a function of the ZD
lifetime, for three di�erent choices of mZD: (a) 20 GeV, (b) 40 GeV and (c) 60 GeV. The shaded green (yellow)
bands represent the 1� (2�) uncertainties in the expected limits. The dashed horizontal lines represent the values
of the cross-section times branching fractions predicted by simulation, with mH = 125 GeV, mHD = 300 GeV,
� (pp ! H) = 44.1 pb and assuming B (H ! ZDZD) = 10% or 1%. The value of B (ZD ! µ+µ�) varies between
0.1475 and 0.1066 for the range mZD = 20–60 GeV.

23

arXiv:1808.03057

20 25 30 35 40 45 50 55 60

 [GeV]
DZm

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10∈

) = 10%DZ
D

 Z→(HBExcluded at 95% CL, 

) = 1%DZ
D

 Z→(HBExcluded at 95% CL, 

ATLAS

 = 13 TeVs
-132.9 fb
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between 0.1475 and 0.1066 for the range mZD = 20–60 GeV.

7 Conclusion

This article reports on a search for BSM long-lived particles decaying into two muons of opposite-sign
electric charge in a sample of pp collisions recorded by the ATLAS detector at the LHC with a center-
of-mass energy of

p
s = 13 TeV and an integrated luminosity of 32.9 fb�1. The search is performed by

identifying dimuon vertices with displacements from the pp interaction point in the range of 1–400 cm and
having invariant mass mµµ within one of two signal regions: 20–60 GeV or > 60 GeV. In neither signal
region is a significant excess observed in the number of vertices relative to the predicted background.
Hence upper limits at 95% confidence level on the product of cross-section and branching fraction are
calculated, as a function of lifetime, for production of long-lived particles in either a dark-sector model
with dark-photon masses in the range 20–60 GeV, produced from decays of the Higgs boson, or in a
general gauge-mediated supersymmetric model with a gluino mass of 1100 GeV and neutralino masses in
the range 300–1000 GeV. For the models considered, the lower and upper lifetime limits are set from 1 to
2400 cm in c⌧, respectively, depending on the targeted model’s parameters.

24

• Searching for displaced vertices (DV) 
using tracks of identified muon

‣ ATLAS allows detection of dimuon DVs 
within a large decay volume

‣ Low backgrounds

Hidden sector motivation/interpretation

https://arxiv.org/pdf/1808.03057.pdf
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H→displaced jets

this paper was found to be not optimal due to a large contamination by signal events in the VR or small
signal–background separation for one of the variables of the ABCD plane. For those samples, the 2MSVx
strategy provides strong limits and only those results are presented in this paper.
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Figure 11: Observed limits for (a) Stealth SUSY and (b) �(125) ! ss benchmark samples obtained from the
combination of 2MSVx and 1MSVx+AO strategies.

Table 12: Ranges of mean proper lifetime excluded at 95% CL for scalar boson benchmark models with m� = 125 GeV,
assuming production cross-sections equal to 10% or 1% of the SM Higgs boson production cross-section [80] for the
combination of 2MSVx and 1MSVx+E

miss
T strategies.

�(125) ! ss Excluded c⌧ range [m]
ms [GeV] 10% 1%

5 0.04–10.8 0.1–1.6
8 0.07–15 0.14–3.8
15 0.1–58 0.22–10.8
25 0.2–149 0.4–25
40 0.3–221 0.7–39

Table 12 summarizes the lifetime ranges excluded by the analysis presented in this paper for branching
fractions of 10% and 1% for the scalar boson with m� = 125 GeV decaying into two long-lived scalars.
The results are substantially improved compared to the Run 1 analysis, where for 25 GeV and 40 GeV
long-lived scalar masses the c⌧ ranges excluded for 1% branching fraction were respectively 1.10–5.35 m
and 2.82–7.45 m, while for lower long-lived scalar masses the Run 1 analysis did not have sensitivity at
this level.
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Table 1: Topologies considered in this paper, corresponding basic event selection and benchmark models.

Strategy Basic event selection Benchmarks

2MSVx At least 2 MS vertices Scalar portal, Higgs portal baryogenesis,
Stealth SUSY

1MSVx+Jets Exactly 1 MS vertex Stealth SUSYAt least 2 jets with ET > 150 GeV

1MSVx+E
miss
T

Exactly 1 MS vertex Scalar portal with m� = 125 GeV,
E

miss
T > 30 GeV Higgs portal baryogenesis

machine-induced background [39]. This last contribution, usually referred to as beam-induced background,
is composed of particles produced in the hadronic and electromagnetic showers caused by beam protons
interacting with collimators or residual gas molecules inside the vacuum pipe.

To avoid unintended biasing of the results, the signal regions of the 2MSVx and 1MSVx+AO strategies
were blinded during the analysis development.

4 Description of benchmark models

Although the event selections outlined in Section 3 are sensitive to a large variety of models, this paper
interprets the results in terms of three di�erent benchmark models. The first, shown in Figure 1(a), is a
scalar portal model [14], where a SM-like Higgs or lower/higher-mass boson (�) decays into two long-lived
scalars (s). Figure 1(b) shows the second model, Higgs portal baryogenesis [20], in which a SM-like Higgs
boson (h) decays into long-lived Majorana fermions � that decay into fermions, violating baryon and/or
lepton number conservation. The last model, shown in Figure 1(c), is a Stealth SUSY model [7, 8] where
the long-lived singlino (S̃) is produced by a gluino (g̃) in association with a prompt gluon-jet (g). The
singlino decay produces two gluons and a light gravitino.

�
s

s

p

p f

f̄

f̄

f

(a)

h

�

�

p

p

f

f
f

f
f

f

(b) (c)

Figure 1: Diagrams of the benchmark models studied in this paper: (a) scalar portal model, (b) Higgs portal
baryogenesis model, and (c) Stealth SUSY model. The LLPs in these processes are represented by double lines and
labeled (a) s, (b) �, and (c) S̃. In the Stealth SUSY model, G̃ is the gravitino and S is the singlet. The final-state SM
fermions are labeled as f , and the gluons as g.

The decay channels, the relative masses and lifetimes generated for each model, as well as details about the
Monte Carlo (MC) event generation are described in Section 5.

6

• LLPs decaying into jets in the muon 
spectrometer

‣ 2 DV in MS, 1 DV in MS + 2 prompt 
jets, 1 DV in MS + MET

arXiv:1811.02542

• LLPs decaying to jets in hadronic 
calo

https://arxiv.org/pdf/1811.07370.pdf
https://arxiv.org/abs/1811.02542
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H→LLP prospects

  

Long Lived Particles prospects 

Projected sensitivities of the search for HV pions decaying hadronically (jet pair) 
and produced through a Higgs boson exotic decay. Upper limits on Higgs 
Branching ratio.

● New conference note 
prepared for HL-LHC 
Yellow Paper

● You can find more 
results at this link:
http://lhcbproject.web
.cern.ch/lhcbproject/P
ublications/LHCbProjec
tPublic/LHCb-CONF-2018
-006.html

link

  

Ongoing analyses

● Long Lived Particles program (Run II):

● Prompt di-jet scalar resonance searches (b and c di-jets)

● New trigger lines for Run III (di-jets, di-electrons, di-photons)

➔ Updated search for displaced di-jet resonances

➔ Search for lepton flavour violating LLP 

Run 1 result

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2018-006.html
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Theory: LLP

• LLPs (with mass > 10s of GeV) typically 
have much slower motion

• Signal arrival time (vs. SM reference):

2

some common characteristics. The rate of this process is
controlled by the production rate of the resonance and
the branching ratio into the LLP. The decay length of
the LLP, d = �c⌧ , plays an important role in determin-
ing signal rate within the detector volume. Moreover, the
boost � is also important in determining the time delay.
In this class of models, the boost of the LLP is set by the
mass ratio � / mY /mX .

In the second class of models, shown in the lower panel
of Fig. 1, the LLP(s) are produced directly without going
through a resonance. This would be the case, for exam-
ple, for heavier X with SM interactions. A typical bench-
mark would be the production of SUSY electroweak-inos.
The signal of this class of models have distinct features
as well. In particular, they will be produced close to the
threshold, with velocity being a fraction of the speed of
light. In this case, a large time delay is always expected.

To demonstrate the potential sensitivity to general
BSM signals with precision timing, we choose to show
two representative benchmark models following above
discussion about classes of LLP production modes, one
from Higgs decay into the dark sector, and the other
one from Drell-Yan pair production of supersymmetric
(SUSY) long-lived particles. With a very general trig-
ger and search strategy that can capture most of LLP
decays, we show striking improvement in the sensitivity
and coverage for LLP. In addition to the EC timing layer
at CMS, we also consider a hypothetical timing layer on
the outside of ATLAS Muon Spectrometer (MS) as an
estimate of the best achievable reach of our proposal.
Basics of timing.— While the particle identification
and kinematic reconstruction are highly developed, the
timing information is less used as prompt decays are of-
ten assumed for BSM signals. However, the signature
of an LLP, in general, could have a significant time de-
lay since the mass of the new particle can be compara-
ble to its momentum. Here we outline a general BSM
signal search strategy of using the timing information,
and more importantly, the corresponding consideration
for the background. A typical signal event of LLP is
shown in Fig. 2. An LLP, denoted as X, travels a dis-
tance `X into a detector volume and decays into two light
SM particles a and b, which then reach timing layer at
a transverse distance LT2 away from the beam axis. In
a typical hard collision, the SM particles generally travel
close to the speed of light. The trajectories of charged SM
particles can be curved, which increase the path length
in comparison with neutral SM particles. For simplicity,
we only consider neutral LLP signals where background
from such charged particles can be vetoed using particle
identification and isolation.2 Hence, the decay products

2
Charged stable (at the scale of tracker or detector volume) par-

ticles are highly constrained by the heavy stable charged particle

searches by both ATLAS and CMS [14–16].

LT1

LT2

X

a b

SM
`X

`a

`SM

Timing layer

FIG. 2. An event topology with an LLP X decaying to two
light SM particles a and b. A timing layer, at a transverse
distance LT2 away from the beam axis (horizontal gray dotted
line), is placed at the end of the detector volume (shaded
region). The trajectory of a potential SM background particle
is also shown (blue dashed line). The gray polygon indicates
the primary vertex.

of X, taking particle a for example, arrives at the timing
layer with a time delay of

�t =
`X

�X
+

`a

�a
�

`SM

�SM
, (1)

with �a ' �SM ' 1. It is necessary to have prompt
decay products or Initial State Radiation (ISR) which
arriving at timing layer with the speed of light to derive
the time of the hard collision at the primary vertex (to
“timestamp” the hard collision). ISR jets could easily be
present for all processes, and we use this generic feature
to “timestamp” the hard collision for the proposed new
searches in this letter.3

Typically, `SM/�SM range between several nanosec-
onds (ns), for entering EC, to tens of ns, for exiting the
MS. As a result, with tens of picosecond (ps) timing
resolution, we have a sensitivity to percent level time
delay caused by slow LLP motion, e.g., 1 � �X > 0.01
with boost factor � < 7. In Fig. 3, we show typical time
delay �t for a hypothetical timing layer at the outer
part of the ATLAS MS system for benchmark signals
and the background, and the distributions for EC are
put in appendix. The two benchmark signals considered
here are the glueballs from Higgs boson decays, and the
electroweakino pair production in the Gauge Mediated
SUSY Breaking (GMSB) scenario. Both the glueballs
and lightest neutralino proper lifetimes are set to be
c⌧ = 10 m. The 10 GeV glueballs (red dashed line) have
larger average boost comparing to the 50 GeV glueballs

3
Although Jets contain soft (and hence slow) particles, the ma-

jority of the constituent particles in a jet still travel with nearly

the speed of light [12, 21–23].
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arXiv:1805.05957Long-lived	par/cles	at	the	LHC:	Catching	Them	In	Time:	

• Assuming ~30 ps timing resolution could be 
sensitive to ~1% level time delays wrt. SM 
particles travelling at c

• Projections using the timing information 
show significant improvement!

Late comers will be spotted easily:

• MTD: >0.8 ns timing cut 
(<25 ns always there)

• MS: 0.2 ns or 1 ns timing 
cut (30 ps or 0.2 ns 
resolution sufficient)

• Significant improvement!

ATLAS MS LLP search (without 
timing)

CMS MTD 𝜂 < 3.0

HL-LHC 
projection

1811.07370

J. Liu, Z. Liu, L.-T. Wang, 1805.05957

Late comers will be spotted easily:

• MTD: >0.8 ns timing cut 
(<25 ns always there)

• MS: 0.2 ns or 1 ns timing 
cut (30 ps or 0.2 ns 
resolution sufficient)

• Significant improvement!

ATLAS MS LLP search (without 
timing)

CMS MTD 𝜂 < 3.0

HL-LHC 
projection

1811.07370

J. Liu, Z. Liu, L.-T. Wang, 1805.05957

arXiv:1811.07370

- Jia Liu, Zhen Liu, Lian-Tao Wang

~ ns

https://arxiv.org/pdf/1805.05957.pdf
https://arxiv.org/pdf/1811.07370.pdf
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Theory: dark showers

• Searching for Confining Hidden Valleys at 
the LHC(b): 

- Aaron Pierce, Bibhushan Shakya, Yuhsin Tsai, Yue Zhao

arXiv: 1708.05389

4

FIG. 2: Projected bounds from various ATLAS/CMS dis-
placed muons search strategies, see text for details. The
brown curve represents an extrapolation of a current analysis,
while the green curve represents only a minor modification.
The orange and purple projections have aggressive assump-
tions about backgrounds and will likely weaken following de-
tailed detector simulations. The band widths correspond to
10  hNvi  30. The blue band is derived from the LHCb
search proposed in this work.

tribute to missing energy,8 motivating a search for /ET

in combination with soft (displaced) muons. An AT-
LAS /ET+DV search [13] triggered on events with /ET ,
then further (at the analysis level) required a hard muon
(pT > 55 GeV). To optimize for our signal, we relax the
/ET down to the trigger requirement [35]. We then relax
the muon pT cut, demanding instead two dimuon DVs: 9

• /ET � 110 GeV.

• Reconstruct � 2 DVs, each with `T 2 [1, 30] cm.

• Each muon has pT > 10 GeV.

The DV `T requirement ensures they are inside the silicon
detector (before the transition radiation tracker) in order
to reconstruct the muon track in the tracker. With a
displaced vertex reconstruction e�ciency of 0.4 and an
optimistic assumption that the search is background-free,
the corresponding reach is shown in Fig. 2 (orange band),
which is weaker than our LHCb projection.

(iii) Hard displaced muon. Following the analysis in
[13], we require:

• � 1 reconstructed DV, each with `T 2 [1, 30] cm.

8
Here we define /ET as the opposite of the vector sum of all well-

constructed objects. We do not include the (displaced) muons in

this category. With this choice, our /ET definition should align

with that in [33, 34].
9
The idea of using multiple displaced vertices in similar scenarios

was also discussed in Ref. [36].

• � 1 muon with pT � 55 GeV and transverse impact
factor > 1.5 mm, and pT > 10 GeV for the other
displaced muon from this vertex.

For light hidden hadrons, the DV invariant mass cut im-
posed in [13] must be removed. There are already O(1)
background events in the low invariant mass region in this
8 TeV, 20.3/fb search (see Fig. 9 in Ref. [13]); the precise
number is di�cult to estimate since the dominant back-
ground is likely combinatoric in nature. Regardless, this
search has a slightly weaker projected reach than LHCb
even when assumed to be background-free (Fig. 2, purple
band). We expect the sensitivity to significantly improve
if the stringent pT (µ) cut, detrimental for the generically
soft hidden hadrons from SH processes, could be relaxed
while maintaining low background.

HEAVY FLAVOR DECAY CHANNELS

We focus on the cc̄ channel and comment on the bb̄
channel later.

LHCb Strategies

For hidden hadron decays to cc̄, subsequent SM
hadronization often produces two D mesons, D0

(s), D̄
0
(s)

or D±. The non-negligible lifetimes of charmed hadrons
creates an additional separation between the DV from
the two D meson decays, resulting in two vertices with
large separation from the primary vertex and a small but
significant separation from each other. Resolving the sec-
ondary vertices should be straightforward as the position
resolution in the VELO is O(10)µm while a D meson
has proper decay length O(100)µm. We do not explicitly
impose a minimum separation requirement between the
two vertices, but note this could be implemented as an
additional powerful handle to reject background if nec-
essary. Several strategies to identify D mesons at LHCb
exist; some do not require the D meson to be fully recon-
structed [37]. Given the sizable probability for a single D
meson decay to create three or more charged tracks that
can be well-reconstructed in the VELO, we consider the
following increasingly inclusive search strategies:

• Two nearby reconstructed displaced D mesons.
(2D)

• One displaced reconstructed D meson and one DV
with � 3 charged tracks nearby. (1D1V)

• Two DV, each with � 3 charged tracks, near each
other. (2V)

When reconstructing a D meson, we focus on decay
channels containing only charged particles: BR(D+

!

K�2⇡+) ⇠ 9.5%, BR(D0
! K�2⇡+⇡�) ⇠ 8%, and

Projected bounds from displaced muon searches

searching for long-lived particles beyond the standard model at the large hadron
collider 189

production

shower  
& hadronization decay

Figure 7.1: Schematic representation of a dark shower event, in this
case from hidden valley model with a Z0 production portal. Figure
adapted from [52].

frequently provides a reasonable guide to the overall signatures,6534

just as one may obtain a reasonable O(1) picture of QCD jets by6535

considering only their pions. We survey a (non-exhaustive) list of6536

popular decay portals in Sec. 7.4.6537

A priori it is typically possible to construct a model by picking6538

and choosing an ingredient from the menu of options for each of6539

the three components outlined above. This is an enormous model6540

space, and it may appear daunting to construct searches capable6541

of capturing all possibilities. On the other hand, the signatures6542

of these models are often so striking that they enable powerful,6543

inclusive searches, sensitive to a very large portion of this overall6544

model space, provided that triggers allow the event to be recorded.6545

Toward this end it is useful to observe that dark shower events have6546

the following generic features:6547

1. Events will have a variable and potentially large multiplicity of LLPs.6548

The number of produced particles of various dark species de-6549

pends on the details of the parton shower and/or hadronization,6550

as in QCD, and will vary from event to event. Typically there6551

will be more than two LLPs per event.6552

2. The BSM species produced in dark showers exhibit a hierarchy6553

of proper lifetimes. This could result in production of e.g. mostly6554

prompt particles with a few displaced decays; mostly invisible6555

detector-stable particles with a few displaced decays within the6556

detector; or anything in between.6557

3. LLPs will not generically be isolated, i.e., will often appear within6558

DR . 0.4 of other LLPs and/or prompt objects (such as the6559

decay products of short-lived species originating from the same6560

shower).6561

4. The energy flow in the event will reflect the evolution of the BSM par-6562

ton shower and hadronization, and will thus look non-SM-like. For6563

instance, hidden sector jets may be either narrower or broader6564

than QCD jets, depending on the hidden sector gauge group,6565

• Dark showers chapter in the upcoming LHC 
LLP white paper

- Simon Knapen, Jessie Shelton, and Dong Xu

‣ Production mechanisms, decays, 
phenomenological models…

• Largely unexplored territory
‣ Hidden valley scenarios exhibiting confinement
‣ Long-lived light hidden hadrons produced in showering process

Modified ATLAS MET+DV search

‣ LHCb: excellent vertex reconstruction, 
trigger, mass resolution, PID => ideal for 
soft long-lived particles
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Higgs Exotic Decay

Goal of the group

Group Contacts
In case of questions or problems, please report them to all the conveners.

Theory: Jessie Shelton (UIUC), Zhen Liu (Fermilab)• 
ATLAS: Lily Morvaj (University of Stony Brook)• 
CMS: Cecile Caillol (University of Wisconsin-Madison)• 
LHCb: Lorenzo Sestini (INFN Padova)• 

Don't forget to remove 'SPAMNOT' in the email addresses before sending.

Meetings
Meeting Date Location Link to

Indico
Link to
minute

Exotic Higgs Decays Workshop 7-8 November
2016

SLAC, CA, US Indico Minute

Exotic Higgs Decays Workshop 21-22 May 2015 Fermilab, Illinois, US and
Vidyo

Indico Minute

Exotic Higgs Decays Kick-off
Meeting

26-27 March 2015Vidyo-Only Indico Minute

Yellow Report 4
Here would be a summary of the Higgs Exotic Chapters of the YR4 ([link to arxiv ):

 Higgs Exotic Decay 1

H→mesons/LFV
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H-> J/ψy, ψ(2s)y, Y(nS)y
Phys. Lett. B 786 (2018) 134

The ATLAS Collaboration / Physics Letters B 786 (2018) 134–155 141

Fig. 4. The mµ+µ− γ and mµ+µ− distributions for the selected (a) ψ(nS) γ and ϒ(nS) γ ((b) barrel and (c) endcap categories) candidates along with the results of the 
maximum-likelihood fits with background-only models. Z FSR refers to the Z → µ+µ−γ background contribution. The solid blue line denotes the full fit result and the 
dashed blue lines correspond to its ±1σ uncertainty band. The ratios of the data to the background-only fits are also shown. (For interpretation of the colours in the figure(s), 
the reader is referred to the web version of this article.)

Direct Access to the Higgs Yukawa Couplings

Currently direct evidence only exists for the 3rd generation Yukawa

couplings

Final state is produced by two main contributions

The first features the Yukawa coupling between the
Higgs boson and the Meson ((M))
The second is an indirect production which has no
sensitivity to the Yukawa couplings
Standard Model Predictions:

I B(H æ J/Â“) = (2.99 ± 0.16) ◊ 10≠6†
I B(H æ Â(2S)“) = (1.03 ± 0.06) ◊ 10≠6†
I B(H æ �(1S)“) = (5.2+2.0

≠1.7) ◊ 10≠9†

Allows access to the first and second generation
Yukawa couplings.
Supplementary to direct H æ cc̄ searches
(Phys. Rev. Lett. 120 (2018) 211802)

Searches also cover the analogous Z boson decay.
†Phys.Rev. D90 (2014) no.11, 113010
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Table 1
Summary of the systematic uncertainties in the expected signal yields.

Source of systematic uncertainty Yield uncertainty H(Z) → Qγ

Total H(Z) cross section 7.0% (2.9%)
Integrated luminosity 2.1%
H(Z) QCD modelling 1.8% (6%)
Trigger efficiency 2.0%
Photon identification 1.4%
Muon identification and reconstruction 2.8%
Photon energy scale 0.3%
Muon momentum scale 0.2%

8. Results

The data are compared with background and signal predictions 
using a two-dimensional (2D) simultaneous unbinned maximum-
likelihood fit to the mµ+µ− γ and mµ+µ− distributions. A simul-
taneous 2D fit is required to distinguish the Z FSR background 
from the Z → Qγ signal and the non-resonant background. The 
parameters of interest are the Higgs and Z boson signal normal-
isations. Systematic uncertainties are modelled using additional 
nuisance parameters in the fit; in particular, the background nor-
malisations are free parameters. The fit uses the selected events 
with mQγ < 300 GeV.

In total, 1033 events were observed in the ψ(nS) γ and 906 
in the ϒ(nS) γ signal regions. The expected and observed num-
bers of background events within the mQ γ ranges relevant to the 
Higgs and Z boson signals are shown in Table 2. The results of 
the background-only fits for the ψ(nS) γ and ϒ(nS) γ analyses are 
shown in Fig. 4.

The systematic uncertainties described in Section 7 result in a 
1.0% increase of the expected 95% CL upper limit on the branch-
ing fraction of the H → ψ(nS) γ decays. For the Z → ψ(nS) γ
decays, the effect is larger, 2.6%, mostly due to the systematic un-
certainty in the background shape. Similar behaviour is observed 
in the ϒ(nS) γ analysis with systematic uncertainties resulting in 
a 2.5–2.7% deterioration in the sensitivity to the H → ϒ(nS) γ de-
cays and a 2.8–2.9% deterioration in the sensitivity to the Z →
ϒ(nS) γ decays, also mostly due to the systematic uncertainty in 
the background shape.

On the basis of the fit to the observed data, the largest ex-
cess observed is 2.2σ in the search for Z → J/ψ γ . Upper limits 
are set on the branching fractions for the Higgs and Z boson de-
cays into Q γ using the CLs modified frequentist formalism [74]
with the profile-likelihood-ratio test statistic [75] and the asymp-
totic approximations derived in Ref. [76]. The expected SM pro-
duction cross section is assumed for the Higgs boson [27], while 
the ATLAS measurement of the inclusive Z boson cross section is 
used for the Z boson signal [60], as discussed in Section 3. The 
results are summarised in Table 3. The observed 95% CL upper 
limits on the branching fractions for Higgs and Z boson decays 
into J/ψ γ and ψ(2S) γ are (3.5, 20) ×10−4 and (2.3, 4.5) ×10−6, 

Table 3
Expected and observed branching fraction upper limits at 95% CL for the H(Z) →
J/ψ γ , H(Z) → ψ(2S) γ , and H(Z) → ϒ(nS) γ (n = 1, 2, 3) analyses, assuming SM 
production for the Higgs and Z bosons. The ±1σ intervals of the expected limits 
are also given.

Branching fraction limit (95% CL) Expected Observed

B (H → J/ψ γ )[10−4] 3.0+1.4
−0.8 3.5

B (H → ψ (2S) γ )[10−4] 15.6+7.7
−4.4 19.8

B (Z → J/ψ γ )[10−6] 1.1+0.5
−0.3 2.3

B (Z → ψ (2S) γ )[10−6] 6.0+2.7
−1.7 4.5

B (H → ϒ(1S)γ )[10−4] 5.0+2.4
−1.4 4.9

B (H → ϒ(2S)γ )[10−4] 6.2+3.0
−1.7 5.9

B (H → ϒ(3S)γ )[10−4] 5.0+2.5
−1.4 5.7

B (Z → ϒ(1S)γ )[10−6] 2.8+1.2
−0.8 2.8

B (Z → ϒ(2S)γ )[10−6] 3.8+1.6
−1.1 1.7

B (Z → ϒ(3S)γ )[10−6] 3.0+1.3
−0.8 4.8

respectively. The corresponding limits for the Higgs and Z bo-
son decays into ϒ(nS) γ (n = 1, 2, 3) are (4.9, 5.9, 5.7) × 10−4 and 
(2.8, 1.7, 4.8) × 10−6, respectively. Upper limits at 95% CL on the 
product of the production cross section times branching fraction 
are determined for the Higgs boson decays, yielding 19 fb for the 
H → J/ψ γ decay, 110 fb for the H → ψ(2S) γ decay, and (28, 33, 
32) fb for the H → ϒ(nS) γ (n = 1, 2, 3) decays.

9. Summary

Searches for the exclusive decays of Higgs and Z bosons 
into J/ψ γ , ψ(2S) γ , and ϒ(nS) γ have been performed with 
a 

√
s = 13 TeV pp collision data sample collected with the AT-

LAS detector at the LHC corresponding to an integrated lumi-
nosity of 36.1 fb−1. No significant excess of events is observed 
above the background expectations. The obtained 95% CL upper 
limits are B (H → J/ψ γ ) < 3.5 × 10−4 and B (Z → J/ψ γ ) <
2.3 × 10−6 for the J/ψ γ final state. The corresponding upper 
limits are B (H → ψ(2S)γ ) < 2.0 × 10−3 and B (Z → ψ(2S)γ ) <
4.5 × 10−6 for the ψ(2S) γ final state. The 95% CL upper limits 
B (H → ϒ(nS)γ ) < (4.9, 5.9, 5.7) × 10−4 and B (Z → ϒ(nS)γ ) <
(2.8, 1.7, 4.8) × 10−6 are set for the ϒ(nS) γ (n = 1, 2, 3) final 
states. These upper limits represent an improvement by a factor 
of approximately two relative to the earlier H(Z) → J/ψ γ and 
H(Z) → ϒ(nS) γ results from the ATLAS Collaboration using up to 
20.3 fb−1 of 

√
s = 8 TeV pp collision data with the addition of the 

first upper limits on the H/Z → ψ(2S) γ decays.
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Table 2
The number of observed events and the mean expected background, with its total uncertainty, for the mQ γ ranges of interest. The expected Z and Higgs boson contributions 
are shown for branching fraction values of 10−6 and 10−3, respectively. These values are motivated by the expected sensitivity of the search to the respective branching 
fractions.

mµ+µ− mass range [GeV]
Observed (expected background) Z signal for B = 10−6 H signal for B = 10−3

mµ+µ−γ mass range [GeV]

81–101 120–130

J/ψ γ 2.9–3.3 92 (89 ± 6) 20 (23.6 ± 1.3) 13.7 ± 1.1 22.2 ± 1.9
ψ(2S)γ 3.5–3.9 43 (42 ± 5) 8 (10.0 ± 0.8) 1.82 ± 0.14 2.96 ± 0.25
ϒ(1S)γ 9.0–10.0 115 (126 ± 8) 9 (13.6 ± 1.2) 7.8 ± 0.6 10.7 ± 0.9
ϒ(2S)γ 9.5–10.5 106 (121 ± 8) 8 (12.6 ± 1.4) 5.9 ± 0.5 8.1 ± 0.7
ϒ(3S)γ 10.0–11.0 112 (113 ± 8) 7 (10.6 ± 1.2) 7.1 ± 0.6 9.2 ± 0.8

140 The ATLAS Collaboration / Physics Letters B 786 (2018) 134–155

Table 1
Summary of the systematic uncertainties in the expected signal yields.
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Total H(Z) cross section 7.0% (2.9%)
Integrated luminosity 2.1%
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Trigger efficiency 2.0%
Photon identification 1.4%
Muon identification and reconstruction 2.8%
Photon energy scale 0.3%
Muon momentum scale 0.2%
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used for the Z boson signal [60], as discussed in Section 3. The 
results are summarised in Table 3. The observed 95% CL upper 
limits on the branching fractions for Higgs and Z boson decays 
into J/ψ γ and ψ(2S) γ are (3.5, 20) ×10−4 and (2.3, 4.5) ×10−6, 
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are also given.
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respectively. The corresponding limits for the Higgs and Z bo-
son decays into ϒ(nS) γ (n = 1, 2, 3) are (4.9, 5.9, 5.7) × 10−4 and 
(2.8, 1.7, 4.8) × 10−6, respectively. Upper limits at 95% CL on the 
product of the production cross section times branching fraction 
are determined for the Higgs boson decays, yielding 19 fb for the 
H → J/ψ γ decay, 110 fb for the H → ψ(2S) γ decay, and (28, 33, 
32) fb for the H → ϒ(nS) γ (n = 1, 2, 3) decays.

9. Summary

Searches for the exclusive decays of Higgs and Z bosons 
into J/ψ γ , ψ(2S) γ , and ϒ(nS) γ have been performed with 
a 

√
s = 13 TeV pp collision data sample collected with the AT-

LAS detector at the LHC corresponding to an integrated lumi-
nosity of 36.1 fb−1. No significant excess of events is observed 
above the background expectations. The obtained 95% CL upper 
limits are B (H → J/ψ γ ) < 3.5 × 10−4 and B (Z → J/ψ γ ) <
2.3 × 10−6 for the J/ψ γ final state. The corresponding upper 
limits are B (H → ψ(2S)γ ) < 2.0 × 10−3 and B (Z → ψ(2S)γ ) <
4.5 × 10−6 for the ψ(2S) γ final state. The 95% CL upper limits 
B (H → ϒ(nS)γ ) < (4.9, 5.9, 5.7) × 10−4 and B (Z → ϒ(nS)γ ) <
(2.8, 1.7, 4.8) × 10−6 are set for the ϒ(nS) γ (n = 1, 2, 3) final 
states. These upper limits represent an improvement by a factor 
of approximately two relative to the earlier H(Z) → J/ψ γ and 
H(Z) → ϒ(nS) γ results from the ATLAS Collaboration using up to 
20.3 fb−1 of 

√
s = 8 TeV pp collision data with the addition of the 

first upper limits on the H/Z → ψ(2S) γ decays.
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Table 2
The number of observed events and the mean expected background, with its total uncertainty, for the mQ γ ranges of interest. The expected Z and Higgs boson contributions 
are shown for branching fraction values of 10−6 and 10−3, respectively. These values are motivated by the expected sensitivity of the search to the respective branching 
fractions.

mµ+µ− mass range [GeV]
Observed (expected background) Z signal for B = 10−6 H signal for B = 10−3

mµ+µ−γ mass range [GeV]

81–101 120–130

J/ψ γ 2.9–3.3 92 (89 ± 6) 20 (23.6 ± 1.3) 13.7 ± 1.1 22.2 ± 1.9
ψ(2S)γ 3.5–3.9 43 (42 ± 5) 8 (10.0 ± 0.8) 1.82 ± 0.14 2.96 ± 0.25
ϒ(1S)γ 9.0–10.0 115 (126 ± 8) 9 (13.6 ± 1.2) 7.8 ± 0.6 10.7 ± 0.9
ϒ(2S)γ 9.5–10.5 106 (121 ± 8) 8 (12.6 ± 1.4) 5.9 ± 0.5 8.1 ± 0.7
ϒ(3S)γ 10.0–11.0 112 (113 ± 8) 7 (10.6 ± 1.2) 7.1 ± 0.6 9.2 ± 0.8

• Still 2-5 orders of magnitude above SM predictions

• Allows access to 1st and 2nd generation Yukawa 
couplings
‣ Currently direct evidence exists only for 3rd 

generation couplings

https://arxiv.org/abs/1807.00802
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• Measurement of rare decays of SM Higgs:

1

1 Introduction
Measurements of rare decays of the Higgs boson, such as H ! g⇤g and H ! Zg, would
enhance our understanding of the standard model (SM) of particle physics, and allow us to
probe exotic couplings introduced by possible extensions of the SM [1–4]. The decay width can
be modified by the theories involving heavy fermions, gauge bosons or charged scalars [5–9].
Simple extensions of the SM like two Higgs doublet models, or the minimal supersymmetric
standard model also exhibit similar features [10]. Certain coefficients of the dimension-6 exten-
sion of the standard model effective field theory can be constrained by measuring the H ! Zg
branching ratio precisely [11]. As an example, a model [10] which includes a hypercharge zero
triplet extension, shows a modification in B(H ! Zg), with respect to the SM value, of about
10% for an additional scalar field with mass between 0 and 400 GeV.

In the search for H ! g⇤g ! ``g, the leptonic channel, g⇤/Z ! `` (` = e or µ) is most
promising as it has relatively low background. The diagrams in Fig. 1 illustrate the dominant
Higgs boson decay channels contributing to these final states. The H ! g⇤g ! ``g and
H ! Zg ! ``g diagrams correspond to the same initial and final state and interfere with
each other. Experimentally one can separate the off- and on-shell contributions, and define the
respective signal regions, using a selection based on the invariant mass of the dilepton system,
m`` = mg⇤/Z. For the measurements presented in this paper a threshold of m`` = 50 GeV is
used to separate the two processes.

It is informative to express the branching fractions for these decays relative to the H ! gg
process. In the SM, for a Higgs boson with mass mH = 125 GeV [12, 13], these ratios are:

B(H ! g⇤g ! µµg)
B(H ! gg)

= (1.69 ± 0.10)%,
B(H ! Zg ! e+e�g/µµg)

B(H ! gg)
= (2.27 ± 0.14)%, (1)

where B(H ! Zg ! e+e�g/µµg) = 0.051 ⇥ 10�3 and B(H ! gg) = 2.27 ⇥ 10�3 are taken
from Ref. [14], and B(H ! g⇤g ! µµg) = 3.83 ⇥ 10�5 is obtained with the MCFM 7.0.1
program [15], which is in agreement with calculations in Refs. [16–18].

The ATLAS and CMS Collaborations at the CERN LHC have both performed searches for the
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Figure 1: Dominant Feynman diagrams contributing to the H ! ``g process.

17

 [GeV]Hm
120 122 124 126 128 130

SM
σ/

σ
95

%
 C

L 
up

pe
r 

lim
it 

on
 

0

1

2

3

4

5

6

7

8

 (13 TeV)-135.9 fb

CMS Observed
Expected
68% expected
95% expected

 γµµ →γ*γ →H

 [GeV]Hm
120 122 124 126 128 130

SM
σ/

σ
95

%
 C

L 
up

pe
r 

lim
it 

on
 

0
2
4
6
8

10
12
14
16
18
20
22

 (13 TeV)-135.9 fb

CMS Observed
Expected
68% expected
95% expected

 γ ll→γ Z→H

Figure 6: Exclusion limit, at 95% CL, on the cross section of the H ! g⇤g ! µµg process
(upper plot) and the H ! Zg ! ``g process (lower plot) relative to the SM prediction, as a
function of the Higgs boson mass.
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Figure 7: Exclusion limit, at 95% CL, on the cross section of H ! ``g relative to the SM pre-
diction, for an SM Higgs boson of mH = 125 GeV. The upper limits of each analysis category,
as well as their combinations, are shown. Black full (empty) circles show the observed (back-
ground only expected) limit. Red circles show the expected upper limit assuming an SM Higgs
boson decaying to ``g decay channel.
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➡ Combined limit (observed): 4 x SM

 ‣ ATLAS 36 fb-1: 6.6 (5.5) x SM obs (exp)

https://arxiv.org/abs/1806.05996
https://arxiv.org/abs/1708.00212
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Theory: ffy

• All the leptonic radiative decays potentially observable at the LHC Run 2 or the HL-LHC
• h→ccγ better than the h→J/ψγ channel in constraining the charm-Yukawa coupling

Higgs up to 8 Leptons
The Platinum Channel: Higgs Decays to as many as 8 Leptons
Eder Izaguirre (Brookhaven Natl. Lab.), Daniel Stolarski (Ottawa Carleton Inst. Phys.)
1805.12136

Higgs to dark Shower
Searching for confining hidden valleys at LHCb, ATLAS, and CMS

arXiv:1708.05389

Higgs to long-lived particles
A lot of motivations, and many searches ongoing in the long-lived particles community. Shall we 
push from our Exotic Higgs decay side? E.g., considering different decay channels, so far the 
focus is on dijet, leptojet channels.

Higgs to SS pairs benchmark motivated by EWPT
Studies by Jessie et al, and Zhen Liu et al on going, expecting paper early next year and 
recommendations coming after.

Higgs to ff+\gamma

• Complimentary to Higgs decaying into mesons
• Shall we ask for recommendations? 

Radiative Decays of the Higgs Boson to a Pair of Fermions
Tao Han (Pittsburgh U. & Tsinghua U., Beijing & CICQM, Beijing), Xing Wang (Pittsburgh U.)

arXiv:1704.00790
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Figure 2: Representative Feynman diagrams of h → f f̄γ with electroweak one-loop.

(f)-(h) are present only in h → bb̄γ channel.

I. h → γZ∗ → f f̄γ (Figs. 2a, 2b)

II. h → γγ∗ → f f̄γ (Figs. 2a, 2b)

III. Z-boson box or triangle with final state radiation (Figs. 2c, 2d)

IV. W -boson box or triangle with final state radiation (Figs. 2c, 2d, 2e)

V. top-quark box or triangle with final state radiation (Figs. 2f, 2g, 2h, only for h → bb̄γ)

We will call them collectively the “EW+γ” contributions, distinctive from the chirality-

flipping Yukawa corrections in Sec. 2.1. The interference between the QED radiation in

Fig. 1d and the EW+γ processes in Fig. 2 is suppressed by mf/MW , as they have different

chiral structures for the final state fermions. The EW+γ loops are finite at the ultra-violet

(UV) so that there is no need for renormalization, as pointed out in Ref. [32].

In the infrared (IR) limit, the amplitude in Fig. 2 is proportional to the fermion mass

mf due to the chiral structure and the QED Ward-Takahashi identity. This is also true in

the collinear region for diagrams in Figs. 2c and 2f, where the amplitude factorizes into that

of h → f f̄ convolved with a collinear splitting. Therefore, the IR/collinear singularities

do not show up in the massless limit mf → 0. This behavior of Fig. 2 remains to be valid

to all orders in perturbation theory because of the chiral symmetry. In the limit mf → 0,

however, the diagrams in Figs. 2a and 2b diverge as the invariant mass of the fermion pair

approaches the photon pole Mff̄ → 0. Therefore, a finite fermion mass needs to be kept

for Figs. 2a and 2b so that M2
ff̄

> 4m2
f , to regularize the divergent behavior.

We perform the calculation in the Feynman gauge. As a cross check, the analytic

results have been calculated and given in [10], where a non-linear Rξ gauge was used. All

the diagrams are generated by FeynArts [33], and FeynCalc [34] is used to simplify the

– 5 –

https://arxiv.org/abs/1704.00790
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H→LFV

  

Search for H→τμ in the forward region 

● Search for lepton flavour violating Higgs 
decay.

● Taus are reconstructed in 4 different 
decay channels (muon, electron, hadron, 
3-hadrons).

● Main background Z→ττ 

● Complementary wrt ATLAS and CMS: 
different phase space region.

● At 125 GeV upper limit BR(H→τμ) <26%

● Accepted for publication on EPJC.
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Higgs Exotic Decay

Goal of the group

Group Contacts
In case of questions or problems, please report them to all the conveners.

Theory: Jessie Shelton (UIUC), Zhen Liu (Fermilab)• 
ATLAS: Lily Morvaj (University of Stony Brook)• 
CMS: Cecile Caillol (University of Wisconsin-Madison)• 
LHCb: Lorenzo Sestini (INFN Padova)• 

Don't forget to remove 'SPAMNOT' in the email addresses before sending.

Meetings
Meeting Date Location Link to

Indico
Link to
minute

Exotic Higgs Decays Workshop 7-8 November
2016

SLAC, CA, US Indico Minute

Exotic Higgs Decays Workshop 21-22 May 2015 Fermilab, Illinois, US and
Vidyo

Indico Minute

Exotic Higgs Decays Kick-off
Meeting

26-27 March 2015Vidyo-Only Indico Minute

Yellow Report 4
Here would be a summary of the Higgs Exotic Chapters of the YR4 ([link to arxiv ):

 Higgs Exotic Decay 1

H→(semi)invisible



L. Morvaj LHCHXS WG3 EXOTIC HIGGS DECAYS 20

H→invisible
ATLAS-CONF-2018-054

• 7+8+13 TeV combination: Br(H→inv)<0.24
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Figure 2: The observed and expected upper limits on BH!inv at 95% CL from direct searches for invisible decays
of the 125 GeV Higgs boson and statistical combinations.
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combined assuming SM-like Higgs boson production, and an upper limit on the invisible Higgs branching
ratio of BH!inv < 0.38 (0.21+0.08

�0.06) is observed (expected) at 95% CL. A statistical combination of this
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https://cds.cern.ch/record/2649407/files/ATLAS-CONF-2018-054.pdf
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Benchmarks
• Started collecting benchmarks on our Twiki

‣ Include: motivation, relevant parameter calculations (e.g. Br), MC implementation

2HDM+S + Zd models: so far used in H→xxyy interpretations

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay
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Benchmarks
Higgs up to 8 Leptons

The Platinum Channel: Higgs Decays to as many as 8 Leptons
Eder Izaguirre (Brookhaven Natl. Lab.), Daniel Stolarski (Ottawa Carleton Inst. Phys.)
1805.12136

Higgs to dark Shower
Searching for confining hidden valleys at LHCb, ATLAS, and CMS

arXiv:1708.05389

Higgs to long-lived particles
A lot of motivations, and many searches ongoing in the long-lived particles community. Shall we 
push from our Exotic Higgs decay side? E.g., considering different decay channels, so far the 
focus is on dijet, leptojet channels.

Higgs to SS pairs benchmark motivated by EWPT
Studies by Jessie et al, and Zhen Liu et al on going, expecting paper early next year and 
recommendations coming after.

Higgs to ff+\gamma

• Complimentary to Higgs decaying into mesons
• Shall we ask for recommendations? 

Radiative Decays of the Higgs Boson to a Pair of Fermions
Tao Han (Pittsburgh U. & Tsinghua U., Beijing & CICQM, Beijing), Xing Wang (Pittsburgh U.)

3

These bounds apply to prompt decays of the hidden vec-
tor, the case we consider here, and we see that there are
at least two decades of allowed parameter space where
the hidden photon is prompt and not excluded.

In the mass range of interest for the hidden scalar,
10 GeV . mhd . 60 GeV, the strongest limits on direct
production of the hd via its mixing with the SM Higgs
come from LEP. The hd will dominantly decay to two Ad,
which then each decay to a pair of SM fermions. Most
searches do not look for this particular decay channel, so
the bounds are quite weak. The strongest bound comes
from the decay mode independent search at OPAL [24],
which places a limit on sin2 ✓h where ✓h is the mixing
angle between the SM-like and hidden Higgs. This limit
varies from ⇠ 0.05 at low mass to ⇠ 0.6 at high mass. In
our model,

sin ✓h ⇡
�vvd

m
2

H
�m

2

hd

. (13)

We can write mAd = gdvd and then use this search to
set limits on the scalar portal coupling � as a function of
mAd , mhd and gd. The limits are inversely proportional
to gd, the hidden gauge coupling, and this search only sets
limits for very small values of the hidden gauge coupling,
gd . 10�2. Searches for topologies of the type [25, 26]

e
+
e
�
! H2Z ! H1H1Z ! 4 SM+ Z (14)

could be sensitive to direct production of hd if we identify
H2 = hd and H1 = Ad. These searches, however, do not
put any bounds on the scenario, mainly because they
require specific final states, and the branching ratio of
the Ad to any particular SM state is somewhat small.

LHC constraints arising from decays of the 125 GeV
Higgs can be set because the mixing of the hd and H

induces decays to AdAd which can result in the Higgs
decay to four leptons [9–14] as shown in Eq. (5). This
has been searched for at ATLAS [27, 28] and CMS [29],
with the strongest bounds coming form the recent 13
TeV ATLAS search [28]. These limits are shown as the
dashed red lines in Fig. 1, and are simply the limits shown
in Fig. 10 of [28]. There are also searches with ⌧ ’s and
b’s in the final state [30, 31], but those do not set a non-
trivial limit because of significantly larger background
than searches with muons or electrons.

Finally, we consider the cascade process that can give
rise to the decay, H ! hdhd ! 4Ad. This can be con-
strained by the CMS multilepton study from [19], whose
signal regions are potentially applicable to this topology
as they require low pT leptons as well as no missing en-
ergy. We recast the limit from [19] to set a bound on the
model considered here, but we note that because this is
a recast, there are significant uncertainties on our limit.
We simulate Higgs production at LHC13 using the model
from [13] in MadGraph5 aMC@NLO [32]. Higgs pro-
duction through gluon fusion is simulated at tree-level
with an e↵ective gluon-gluon-Higgs vertex, and then the
Higgs is forced to decay to hd pairs, which are then al-
lowed to decay inclusively. We shower and hadronize

5ℓ

6ℓ

7ℓ

8ℓ

H->AdAd ->4ℓ
CMS Multiplepton

0 5 10 15 20 25 30
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10-4

0.001
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0.100
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mA (GeV)

B
R
(H

->
A
dA

d)

mh = 55 GeV, ℒ = 35.9 fb-1

FIG. 1. Current and projected limits on the on the hidden
sector model considered in this work. The horizontal axis is
the hidden vector mass, mA, and the vertical is the branch-
ing ratio of the SM-like Higgs to two dark vectors. The red
dashed curves are limits from the channel H ! AdAd ! 4`
from [28]. The dot-dashed purple curves are recasted limits
on H ! hdhd ! 4Ad from the CMS multi-lepton search [19],
converted to a limit on BR(H ! AdAd) using Eqs. (5)
and (6). The yellow band parameterizes the uncertainty due
to lepton e�ciency, see text for details. The solid curves are
the projected limits from the proposed searches with� 5-8 lep-
tons going from bottom to top. Here the mass of the hidden
Higgs hd is set to 55 GeV, but the limits are fairly insensitive
to that parameter. The projections use an integrated lumi-
nosity of 35.9 fb�1. We do not present projections for the
hidden photon mass near the �, J/ or ⌥ resonances.

events using Pythia8.2 [33]. While our strategies will
focus on leptons, we must shower and hardronize the par-
tons in order to approximate the isolation requirements
imposed by experiments. We ignore detector e↵ects in
this preliminary study, but we note that these can be
important considering the low pT thresholds we use and
the high pile-up environment of the LHC.
In order to derive the constraints from the CMS search,

we must apply lepton identification e�ciencies, which are
somewhat small for leptons with low pT. Because [19]
only provides the low-pT lepton tagging e�ciencies for
the most pessimistic working point, we must use the pes-
simistic values and obtain a conservative result. The true
signal e�ciency is almost certainly better than what we
find, because [19] states that a looser set of lepton iden-
tification criteria are used for searches with four leptons,
but does not specifically state what these e�ciencies are.
Therefore, we consider e�ciencies of 50% (100%) to set
a conservative (aggressive) limit.
We find that the Signal Region (SR) H of [19], which re-

quires 4 leptons and fewer than two opposite-sign, same-
flavor (OSSF) lepton pairs, is most sensitive to the hid-
den sector topology we study. Using the CLs method
[34], we estimate a constraint on this scenario at the 95%
confidence level, which is shown as the dot-dashed pur-
ple line in Fig. 1, with the yellow band showing our un-
certainty due to lepton identification e�ciencies. All the
constraints in Fig. 1 are shown formhd = 55 GeV, but the

Searching for Higgs Decays to as many as 8 Leptons

Eder Izaguirre a and Daniel Stolarski b
a
Brookhaven National Laboratory, Upton, NY 11973, USA

b
Ottawa-Carleton Institute for Physics, Carleton University,

1125 Colonel By Drive, Ottawa, Ontario K1S 5B6, Canada
⇤

We propose a search for Higgs decays with as many as eight leptons in the final state. This
signal can arise in a simple model with a hidden vector (Ad) that gets mass via a hidden scalar (hd)
vacuum expectation value. The 125 GeV Higgs can then decay H ! hdhd ! 4Ad ! 8f , where
f are Standard Model fermions. We recast current searches and show that a branching ratio of
H ! hdhd as large as 10% is allowed. We also describe a dedicated search that could place bounds
on BR(H ! hdhd) as low as 10�5 using only 36 fb�1 of data, with significant improvements coming
from greater integrated luminosity.

I. INTRODUCTION

The discovery of the Higgs boson [1, 2] completes the
Standard Model (SM), but it also opens up a new avenue
to look for deviations from the SM. In this paper we
present an as yet unattempted measurement that could
be done to probe physics beyond the SM.

The Higgs square operator, H
†
H, is the only gauge

invariant scalar operator of dimension lower than four in
the SM. Therefore, it is natural to expect that if there
is another sector that talks to the SM, its scalars could
couple to the SM via this “Higgs portal” operator [3].
In this work, we posit a very simple hidden sector: a
new U(1) gauge boson which acquires mass via a hid-
den sector Higgs mechanism, and the hidden Higgs has
a renormalizable coupling to the SM via the Higgs por-
tal. The new gauge boson generically couples to the SM
through the “vector portal” [4], and the phenomenology
of a hidden abelian gauge group was first studied in [5].

The model with Higgs and vector portal couplings was
studied in the ultra-light regime in [6, 7]. It was studied
for general Higgs phenomenology in [8], and it has been
most thoroughly studied in the context of Higgs decays
to four leptons [9–14]. With this model, however, there is
a large region of parameter space where decays to more
than four leptons are possible. If we take the hidden
scalar to be lighter than half the Higgs mass, and the
hidden photon to be lighter than half the hidden scalar
mass, then the SM Higgs could decay via

H ! hdhd ! AdAdAdAd ! 8f , (1)

where H is the SM Higgs at 125 GeV, hd and Ad are the
hidden sector scalar and vector respectively, and f are
SM fermions. The first decay occurs through the Higgs
portal operator and current limits allow its branching ra-
tio to be as large as O(10%). The second decay is the
dominant decay of the hidden sector Higgs if kinemat-
ically allowed because of the minimality of the hidden

⇤ izaguirre.eder@gmail.com
stolar@physics.carleton.ca

sector. If there were other hidden sector fields then this
branching ratio could be reduced, but it is naturally large
as long as the hidden gauge coupling is reasonably large.
The decay of the hidden photon goes via the vector

portal coupling even if it is extremely small. The Higgs
portal coupling does not mediate hidden vector decays at
tree level. If the hidden vector is parametrically lighter
than the Z, then it dominantly couples to the electro-
magnetic current, thus giving each hidden photon a sig-
nificant branching ratio to SM leptons. This branching
ratio can be extracted from the R ratio of e+e� scatter-
ing to hadrons relative to that to muons [13]. This can in
turn be extracted from data at low masses [13], and from
three-loop QCD calculation of R at higher masses [15].
Higgs decays to lepton jets [16] can also arise from

this model [17] (see also [18] for Higgs decays to lepton
jets in a di↵erent model), and the work of [17] studies
Higgs decays to leptons where the mass of the Ad is ⇠ 1
GeV so that the final state lepton pairs are very colli-
mated and may be treated as a single detector object.
In this work we consider the general case as long as the
decays in Eq. (1) are kinematically allowed and explore
the phenomenology of this scenario. We find that cur-
rent constraints on this process are dominated by the
CMS multi-lepton searches [19] and are quite weak. We
also show that there are searches that are very low back-
ground and could be performed with current and future
data which would explore significant regions of parameter
space.

II. A SIMPLE MODEL

We consider the following hidden sector Lagrangian
added to the SM

Lhidden = �
1

4
F

µ⌫
Fµ⌫ + |Dµhd|

2
� V (h†

d
hd) , (2)

where hd is the hidden (or dark) sector Higgs, and Fµ⌫

is the field strength tensor for the hidden U(1) gauge
boson Ad. The hd has unit charge under the hidden U(1).
V (h†

d
hd) is the usual wine bottle potential with negative

mass squared term so that hd gets a vacuum expectation

Wish-list from the theory side:)
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Benchmarks
• H→aa→SM/DM 
‣ Can we come up with a benchmark where the mediator 

could decay to both DM and SM and then show all the 
constraints together?

• Meaningful model for H→4y/2j2y
‣ ALPs? e.g. 1708.00443

5

section for pp ! (H/A) + X is enhanced at large tan�
so the lack of a signal sets an upper limit on tan� as
a function of mA,H . This limit is roughly tan� < 10
at mA,H = 300 GeV, and weakens to tan� < 60 at
mA,H = 900 GeV.

IV. CONSTRAINTS ON THE DARK SECTOR

In this section we investigate the limits on the media-
tor mass and the mixing angle between the mediator and
the pseudoscalar of the 2HDM. Taking the heavy Higgs
search described above into account, we fix the other pa-
rameters to the benchmark values mH = mH± ' mA =
800 GeV, tan� = 40, ↵ = � � ⇡/2, and y� = 0.5 and
comment on changing these later. We first consider the
spin-independent direct detection cross section induced
at one-loop. Current limits from direct detection exper-
iments do not constrain this model, but future searches
can possibly probe interesting regions of parameter space.
We next consider Higgs decays to the pseudoscalar medi-
ator. Searches for h ! bb̄ can be used to put bounds to
h ! aa ! 4b decays for mh > 2ma and future h ! 2b2µ
searches could probe much more of the ma-✓ parameter
space. Indirect limits on the branching for h ! aa from
global Higgs property fits are also quite constraining. We
then consider changes to the Bs ! µ

+
µ
� branching ra-

tio. Since this has been measured to be very close to its
SM value, it is particularly constraining for a light me-
diator. Finally, we consider monojet searches. Our main
results are summarized in Fig. 1.

A. Direct Detection

One of the virtues of this model is that single pseu-
doscalar exchange between � and quarks leads to (highly
suppressed) spin-dependent scattering of the DM on nu-
clei [13, 14]. At one-loop, however, spin-independent in-
teractions are generated through the diagrams shown in
Fig. 2. The top diagram (plus its crossed version) leads
to an e↵ective interaction between � and b quarks at zero
momentum transfer given by

Lbox =
X

q=d,s,b

m
2

q
y
2

�
tan2 � sin2 2✓

128⇡2m2
a

�
m2

�
�m2

q

� (30)

⇥
"
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q

m2
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!#
m�mq

v2
�̄�q̄q.

The function F is given in the Appendix in Eq. A.1.
The bottom diagram of Fig. 2 leads to a DM-Higgs

coupling of

Lh�� = �
�
m

2

A
�m

2

a

�
sin2 2✓y2

�

64⇡2m2
a

G (x�, xq)
m�

v
h�̄�,
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FIG. 1. Regions of mixing angle ✓ vs. ma that are ruled
out or suggested by various measurements. We have fixed
mH,H± ' mA = 800 GeV, tan � = 40, ↵ = � � ⇡/2, and
y� = 0.5. The area that gives an annihilation cross section
of h�vreli = 1 � 5 ⇥ 10�26 cm3/s as indicated by fits to the
gamma ray excess is between the solid black lines (shaded
in green). The shaded purple region above the solid pur-
ple line is in 2� conflict with the LHCb measurement of
Bs ! µ+µ�. The darker red region with the solid outline
is ruled out by h ! bb̄ constraints on the h ! 4b signal.
The larger, lighter red region with a solid outline is ruled
out from the indirect limit Br (h ! aa) < 0.22 coming from
fits to Higgs properties, assuming SM Higgs production. The
dashed red line shows the area that could be probed by lim-
iting Br (h ! aa ! 2b2µ) . 10�4. The blue region labeled
LUX is in conflict with the limit �SI < 8 ⇥ 10�46 cm2 while
the area above the blue dashed line leads to �SI > 10�49 cm2,
potentially accessible at the next generation of direct detec-
tion experiments. The orange region shows the area ruled out
by a mono-b-jet search at 8 TeV with 20 fb�1 of data. See
text for details.

where x� = m
2

�
/m

2

a
, xq = q

2
/m

2

a
, and q is the momen-

tum transfer between � and �̄. G is given in Eq. A.3.
This leads to an e↵ective 4-fermion interaction relevant
for spin-independent nucleon scattering,

Lh =

�
m

2

A
�m

2

a

�
s
2

2✓
y
2

�

64⇡2m
2

h
m2

a

G (x�, 0)
m�mq

v2
�̄�q̄q. (32)

We have assumed ↵ = � � ⇡/2 which results in SM-like
couplings of h to quarks, �s↵/c� = c↵/s� = 1. For

tan� . 100
⇣

mA

800 GeV

⌘
, (33)

the Higgs exchange contribution to direct detection
dominates over the box diagram, leading to a spin-

arXiv:1404.3716 

Wish-list from the experiment side:)

https://arxiv.org/pdf/1708.00443.pdf
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H→ss benchmark

• Ongoing study by M. Carena, Z. Liu, Y.K. 
Wang;

• Ongoing study by J. Shelton, et al;

• H→SS decays is well-motivated from the 
point of view of strongly first order 
electroweak phase transition; 

• Successful EWPT predicts (in a general 
class of spontaneous Z2 breaking singlet 
extension of the SM) sizable amount of 
the H→SS branching fraction and can be 
tested at the LHC.

H->SS benchmarks

Blue and green points are to 
be tested by the exotic decay 
program. 
Yellow regions covered by HL-
LHC Higgs precision program.

Preliminary results by M. Carena, Z. Liu, Y.K. Wang 

Higgs up to 8 Leptons
The Platinum Channel: Higgs Decays to as many as 8 Leptons
Eder Izaguirre (Brookhaven Natl. Lab.), Daniel Stolarski (Ottawa Carleton Inst. Phys.)
1805.12136

Higgs to dark Shower
Searching for confining hidden valleys at LHCb, ATLAS, and CMS

arXiv:1708.05389

Higgs to long-lived particles
A lot of motivations, and many searches ongoing in the long-lived particles community. Shall we 
push from our Exotic Higgs decay side? E.g., considering different decay channels, so far the 
focus is on dijet, leptojet channels.

Higgs to SS pairs benchmark motivated by EWPT
Studies by Jessie et al, and Zhen Liu et al on going, expecting paper early next year and 
recommendations coming after.

Higgs to ff+\gamma

• Complimentary to Higgs decaying into mesons
• Shall we ask for recommendations? 

Radiative Decays of the Higgs Boson to a Pair of Fermions
Tao Han (Pittsburgh U. & Tsinghua U., Beijing & CICQM, Beijing), Xing Wang (Pittsburgh U.)

Higgs up to 8 Leptons
The Platinum Channel: Higgs Decays to as many as 8 Leptons
Eder Izaguirre (Brookhaven Natl. Lab.), Daniel Stolarski (Ottawa Carleton Inst. Phys.)
1805.12136

Higgs to dark Shower
Searching for confining hidden valleys at LHCb, ATLAS, and CMS

arXiv:1708.05389

Higgs to long-lived particles
A lot of motivations, and many searches ongoing in the long-lived particles community. Shall we 
push from our Exotic Higgs decay side? E.g., considering different decay channels, so far the 
focus is on dijet, leptojet channels.

Higgs to SS pairs benchmark motivated by EWPT
Studies by Jessie et al, and Zhen Liu et al on going, expecting paper early next year and 
recommendations coming after.

Higgs to ff+\gamma

• Complimentary to Higgs decaying into mesons
• Shall we ask for recommendations? 

Radiative Decays of the Higgs Boson to a Pair of Fermions
Tao Han (Pittsburgh U. & Tsinghua U., Beijing & CICQM, Beijing), Xing Wang (Pittsburgh U.)

Jonathan Kozaczuk and Michael Ramsey-Musolf
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Summary & plans
• Rich programme of signatures ongoing in experiments

• Strong interest in reinterpreting prompt searches into LL signals to see ”how far 
we get” without a dedicated analysis and where the gaps are
‣ Some nice examples already there (H→aa→4b), plan to do more for future results in 

H→aa 

• Thinking about new benchmark scenarios/signatures
‣ Especially ones that will benefit from the increased dataset (H→8 lep)
‣ New benchmarks for interpretation of existing (& future) searches: H→4y/2j2y & 

H→aa→SM/DM

• Preparing for HL-LHC: 
‣ Developments in dark showers
‣ Prospects for LLPs with upgraded detectors (e.g. timing) need studies by experiments

• See also our Twiki to-do list

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3#Exotic_Higgs_Decays


L. Morvaj LHCHXS WG3 EXOTIC HIGGS DECAYS 26

Backup
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Backup

  

Ongoing analyses

● Long Lived Particles program (Run II):

● Prompt di-jet scalar resonance searches (b and c di-jets)

● New trigger lines for Run III (di-jets, di-electrons, di-photons)

➔ Updated search for displaced di-jet resonances

➔ Search for lepton flavour violating LLP 
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H->φy, ρ y
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Figure 5: The (a) mK+K�� and (b) m⇡+⇡�� distributions of the selected �� and ⇢� candidates, respectively, along with
the results of the maximum-likelihood fits with a background-only model. The Higgs and Z boson contributions
for the branching fraction values corresponding to the observed 95% CL upper limits are also shown. Below the
figures the ratio of the data to the background-only fit is shown.

fraction are also estimated for the Higgs boson decays, yielding 25.3 fb for the H ! �� decay, and 45.5 fb
for the H ! ⇢� decay.

The systematic uncertainties described in Section 6 result in a 14% deterioration of the post-fit expected
95% CL upper limit on the branching fraction in the H ! �� and Z ! �� analyses, compared to the
result including only statistical uncertainties. For the ⇢� analysis the systematic uncertainties result in a
2.3% increase in the post-fit expected upper limit for the Higgs boson decay, while for the Z boson decay
the upper limit deteriorates by 29%.

Table 3: Expected and observed branching fraction upper limits at 95% CL for the �� and ⇢� analyses. The ±1�
intervals of the expected limits are also given.

Branching Fraction Limit (95% CL) Expected Observed
B (H ! ��) [ 10�4 ] 4.2+1.8

�1.2 4.8
B (Z ! ��) [ 10�6 ] 1.3+0.6

�0.4 0.9
B (H ! ⇢�) [ 10�4 ] 8.4+4.1

�2.4 8.8
B (Z ! ⇢�) [ 10�6 ] 33+13

�9 25

8 Summary

A search for the decays of Higgs and Z bosons into �� and ⇢� has been performed with
p

s = 13 TeV
pp collision data samples collected with the ATLAS detector at the LHC corresponding to integrated
luminosities of up to 35.6 fb�1. The � and ⇢ mesons are reconstructed via their dominant decays into
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1 Introduction

Following the observation [1, 2] of a Higgs boson, H, with a mass of approximately 125 GeV [3] by the
ATLAS and CMS collaborations at the Large Hadron Collider (LHC), the properties of its interactions with
the electroweak gauge bosons have been measured extensively [4–6]. The coupling of the Higgs boson to
leptons has been established through the observation of the H ! ⌧+⌧� channel [4, 7, 8], while in the quark
sector indirect evidence is available for the coupling of the Higgs boson to the top-quark [4] and evidence for
the Higgs boson decays into bb̄ has been recently presented [9, 10]. Despite this progress, the Higgs boson
interaction with the fermions of the first and second generations is still to be confirmed experimentally.
In the Standard Model (SM), Higgs boson interactions to fermions are implemented through Yukawa
couplings, while a wealth of beyond-the-SM theories predict substantial modifications. Such scenarios
include the Minimal Flavour Violation framework [11], the Froggatt–Nielsen mechanism [12], the Higgs-
dependent Yukawa couplings model [13], the Randall–Sundrum family of models [14], and the possibility
of the Higgs boson being a composite pseudo-Goldstone boson [15]. An overview of relevant models of
new physics is provided in Ref. [16].

The rare decays of the Higgs boson into a heavy quarkonium state, J/ or ⌥(nS) with n = 1, 2, 3,
and a photon have been suggested for probing the charm- and bottom-quark couplings to the Higgs
boson [17–20] and have already been searched for by the ATLAS Collaboration [21], resulting in 95%
confidence level (CL) upper limits of 1.5 ⇥ 10�3 and (1.3, 1.9, 1.3) ⇥ 10�3 on the branching fractions,
respectively. The H ! J/ � decay mode has also been searched for by the CMS Collaboration [22],
yielding the same upper limit. The corresponding SM predictions for these branching fractions [23] are
B (H ! J/ �) = (2.95 ± 0.17) ⇥ 10�6 and B (H ! ⌥(nS)�) =

⇣
4.6+1.7

�1.2, 2.3
+0.8
�1.0, 2.1

+0.8
�1.1

⌘
⇥ 10�9. The

prospects for observing and studying exclusive Higgs boson decays into a meson and a photon with an
upgraded High Luminosity LHC [16] or a future hadron collider [24] have also been studied.

Currently, the light (u, d, s) quark couplings to the Higgs boson are loosely constrained by existing data
on the total Higgs boson width, while the large multijet background at the LHC inhibits the study of
such couplings with inclusive H ! qq̄ decays. Rare exclusive decays of the Higgs boson into a light
meson, M , and a photon, �, have been suggested as a probe of the couplings of the Higgs boson to
light quarks and would allow a search for potential deviations from the SM prediction [23, 25, 26].
Specifically, the observation of the Higgs boson decay to a � or ⇢(770) (denoted as ⇢ in the following)
meson and a photon would provide sensitivity to its couplings to the strange-quark, and the up- and
down-quarks, respectively. The expected SM branching fractions are B (H ! ��) = (2.31± 0.11)⇥ 10�6

and B (H ! ⇢�) = (1.68 ± 0.08) ⇥ 10�5 [23]. The decay amplitude receives two main contributions that
interfere destructively. The first is referred to as “direct” and proceeds through the H ! qq̄ coupling,
where subsequently a photon is emitted before the qq̄ hadronises exclusively to M . The second is referred
to as “indirect” and proceeds via the H ! �� coupling followed by the fragmentation �⇤ ! M . In the
SM, owing to the smallness of the light-quark Yukawa couplings, the latter amplitude dominates, despite
being loop induced. As a result, the expected branching fraction predominantly arises from the “indirect”
process, while the Higgs boson couplings to the light quarks are probed by searching for modifications of
this branching fraction due to changes in the “direct” amplitude.

This paper describes a search for Higgs boson decays into the exclusive final states �� and ⇢�. The decay
� ! K

+
K

� is used to reconstruct the � meson, and the decay ⇢ ! ⇡+⇡� is used to reconstruct the ⇢
meson. The branching fractions of the respective meson decays are well known and are accounted for
when calculating the expected signal yields. The presented search uses approximately 13 times more
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Figure 5: The (a) mK+K�� and (b) m⇡+⇡�� distributions of the selected �� and ⇢� candidates, respectively, along with
the results of the maximum-likelihood fits with a background-only model. The Higgs and Z boson contributions
for the branching fraction values corresponding to the observed 95% CL upper limits are also shown. Below the
figures the ratio of the data to the background-only fit is shown.

fraction are also estimated for the Higgs boson decays, yielding 25.3 fb for the H ! �� decay, and 45.5 fb
for the H ! ⇢� decay.

The systematic uncertainties described in Section 6 result in a 14% deterioration of the post-fit expected
95% CL upper limit on the branching fraction in the H ! �� and Z ! �� analyses, compared to the
result including only statistical uncertainties. For the ⇢� analysis the systematic uncertainties result in a
2.3% increase in the post-fit expected upper limit for the Higgs boson decay, while for the Z boson decay
the upper limit deteriorates by 29%.
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intervals of the expected limits are also given.
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Direct Access to the Higgs Yukawa Couplings

Currently direct evidence only exists for the 3rd generation Yukawa

couplings

Final state is produced by two main contributions

The first features the Yukawa coupling between the
Higgs boson and the Meson ((M))
The second is an indirect production which has no
sensitivity to the Yukawa couplings
Standard Model Predictions:

I B(H æ J/Â“) = (2.99 ± 0.16) ◊ 10≠6†
I B(H æ Â(2S)“) = (1.03 ± 0.06) ◊ 10≠6†
I B(H æ �(1S)“) = (5.2+2.0

≠1.7) ◊ 10≠9†
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• 36 fb-1 @13 TeV
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Figure 4: The (a) compatibility, in terms of local p-value (solid line), with the background-only hypothesis as a
function of the assumed signal mass mX , the dotted-dashed lines correspond to the standard deviation quantification
�; and the (b) upper limit on the fiducial cross-section times branching ratio B(X ! ��) as a function of mX ,
where the solid (dashed) line corresponds to the observed (expected) limit and the green (yellow) band corresponds
to one (two) standard deviation from the expectation.
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to one (two) standard deviation from the expectation.
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• 80 fb-1 @13 TeV

ATLAS-CONF-2018-025 

https://cds.cern.ch/record/2628760/files/ATLAS-CONF-2018-025.pdf
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Figure 8: (a) Model-independent per-channel e�ciencies ✏c calculated in the fiducial volumes described in the
1 GeV < mX < 15 GeV and 15 GeV < mX < 60 GeV columns of Table 5 (i.e. separate phase spaces are defined
for mX above and below 15 GeV). The dark band is the statistical uncertainty and the lighter band is the systematic
uncertainty. (b) Upper limits at the 95% CL on fiducial cross-sections for the for the H ! X X ! 4` process. The
step change in the fiducial cross-section limit in the 4µ channel is due to the change in e�ciency caused by the
change in fiducial phase-space definition. The shaded areas are the quarkonia veto regions.

2HDM+S model with tan � = 5) is estimated only for the H ! X X ! 4` search. The acceptances
are used in a combined statistical model to compute upper limits on �H ⇥ B(H ! Z Zd ! 4`) and
�H ⇥B(H ! X X ! 4`) for each model. The Zd model assumes partial fractions of 0.25:0.25:0.25:0.25
for the 4e:2e2µ:4µ:2µ2e channels, whereas the a model assumes 100% decay to 4µ. These cross-section
limits are converted into limits on the branching ratios of H ! Z Zd, H ! ZdZd and H ! aa by using
the theoretical branching ratios for Zd ! `` and a ! µµ from each benchmark model [14, 15], and
assuming for �H the SM cross-section8 for Higgs boson production at

p
s = 13 TeV [93]. The limits

on these branching ratios are shown in Figures 9 and 10 for the H ! Z Zd ! 4` and H ! X X ! 4`
searches, respectively. The observed limit for B(H ! aa) (Figure 10(b)) for ma > 15 GeV is greater than
1 (i.e. this search has no sensitivity to this model in that mass range). The limit on the branching ratio for
H ! ZdZd ! 4` improves on the Run 1 result of Ref. [39] by about a factor of four, which corresponds
to the increase in both luminosity and Higgs boson production cross-section between Run 1 and Run 2.

8 This assumes that the presence of BSM decays of the Higgs boson does not signicantly alter the Higgs boson production
cross-section from the SM prediction.
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H ! ZX ! 4`
(15 GeV < mX < 55 GeV)

H ! XX ! 4`
(15 GeV < mX < 60 GeV)

H ! XX ! 4µ
(1 GeV < mX < 15 GeV)

Electrons Dressed with prompt photons within �R = 0.1
pT > 7 GeV
|⌘ | < 2.5

Muons Dressed with prompt photons within �R = 0.1
pT > 5 GeV
|⌘ | < 2.7

Quadruplet Three leading-pT leptons satisfy pT > 20 GeV, 15 GeV, 10 GeV
�R > 0.1 (0.2) between SF (OF) leptons -

50 GeV < m12 < 106 GeV m34/m12 > 0.85
12 GeV < m34 < 115 GeV 10 GeV < m12,34 < 64 GeV 0.88 GeV < m12,34 < 20 GeV

115 GeV < m4` < 130 GeV
m12,34,14,32 > 5 GeV

5 GeV < m14,32 < 75 GeV if 4e

or 4µ
Reject event if either of:

(mJ/ � 0.25 GeV) < m12,34,14,32 < (m (2S) + 0.30 GeV)
(m⌥(1S) � 0.70 GeV) < m12,34,14,32 < (m⌥(3S) + 0.75 GeV)

Table 5: Summary of the fiducial phase-space definitions used in this analysis, appropriate for processes of the form
H ! Z Zd ! 4` aand H ! X X ! 4`, where X is a promptly decaying, on-shell, narrow resonance.
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Figure 7: (a) Per-channel e�ciencies ✏c calculated in the fiducial volume described in the H ! Z X ! 4` column
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Figure 2: The observed (solid line) and expected (dashed line) 95% CL exclusion upper limit on the
pp ! H ! aa ! ��gg cross-section times branching ratio as a function of ma, normalised to the SM inclus-
ive pp ! H cross-section [31]. The vertical lines indicate the boundaries between the di�erent m�� analysis
regimes. At the boundaries, the m�� regime that yields the best expected limit is used to provide the observed
exclusion limit (filled circles); the observed limit provided by the regime that yields the worse limit is also indicated
(empty circles).
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limits are set in the 20  ma  60 GeV range for which the signal samples were simulated and range
between 2 ⇥ 10�4 and 10�3 (see Figure 6(a)).

A model-independent fit that does not include any prediction for the signal yields in SRs and CRs is
also performed. The upper limit on the number of BSM events for each mass bin of the SR is translated
to a 95% CL upper bound on the visible cross-section for new physics times branching ratio into bbµµ
final state (including the KL fit constraint on mbb ⇠ mµµ and the four-object invariant mass constraint
mKL

bbµµ ⇠ mH ), �vis(X) ⇥ B(X ! bbµµ). The visible cross-section is defined as the product of the
production cross-section and acceptance ⇥ e�ciency (�vis(X) = �prod(X) ⇥ ✏X) of a potential signal after
all the analysis selection criteria have been applied. The limits range from 0.1 fb to 0.73 fb, depending
on the dimuon mass, and are shown in Figure 6(b). The most significant excess of data over the SM
prediction is found at mµµ = 38 GeV, with a local significance of 1.6 standard deviations.
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Figure 6: The (a) observed and expected upper limits at the 95% confidence level on B(H ! aa ! bbµµ) given the
SM Higgs boson production cross-section in the ggF, VBF and VH modes and (b) model-independent upper limits
on the visible cross-section for new physics times branching ratio to the bbµµ final state �vis(X) ⇥ B(X ! bbµµ).

7 Conclusions

In summary, a search for exotic decays of the Higgs boson into two spin-zero particles in the bbµµ
final state is presented. The analysis uses 36.1 fb�1 of pp collision data collected by ATLAS during
the 2015 and 2016 runs of the LHC at

p
s = 13 TeV. The search for a narrow dimuon resonance is

performed over the range 18 GeV  mµµ  62 GeV using mass bins that are 2, 3 or 4 GeV wide depending
on mµµ. No significant excess of the data above the SM prediction is observed. Upper limits are set on
(�H/�SM)⇥B(H ! aa ! bbµµ) and range between 1.2⇥10�4 and 8.4⇥10�4, depending on ma. In Type-
III 2HDM+S scenario with tan � = 2 these limits translate into upper limits on (�H/�SM) ⇥ B(H ! aa)
ranging between 7% and 47%. The same analysis, implementing all selection criteria including mbb ⇠ mµµ

and mKL
bbµµ ⇠ mH constraints, is used to set the model-independent limits on the visible cross-section for

new physics times branching ratio to the bbµµ final state (�vis(X) ⇥ B(X ! bbµµ)), ranging from 0.1 fb
to 0.73 fb, depending on the dimuon mass.
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H->e/µ tau

Figure 3: Post–fit combined mMMC
µ⌧ distribution obtained by adding individual distributions in SR1 and SR2. In

the lower part of the figure, the data are shown after subtraction of the estimated backgrounds. The grey band
in the bottom panel illustrates the post–fit systematic uncertainties on the background prediction. The statistical
uncertainties for data and background predictions are added in quadrature on the bottom part of the figure. The
signal is shown assuming Br(H ! µ⌧)=0.77%, the central value of the best fit to Br(H ! µ⌧). The last bin of the
distribution contains overflow events.

and VH Higgs boson production, and ±4% for the Z ! µµ and VV backgrounds. Finally, an additional
±5.7% systematic uncertainty on Br(H ! ⌧⌧) is applied to the SM H ! ⌧⌧ background.

6 Results

A simultaneous binned maximum–likelihood fit is performed on the mMMC
µ⌧ distributions in SR1 and SR2

and on event yields in WCR and TCR to extract the LFV branching ratio Br(H ! µ⌧). The fit exploits
the control regions and the distinct shapes of the W+jets and Z ! ⌧⌧ backgrounds in the signal regions to
constrain some of the systematic uncertainties. This leads to an improved sensitivity of the analysis. The
post–fit mMMC

µ⌧ distributions in SR1 and SR2 are shown in figure 2, and the combined mMMC
µ⌧ distribution

for both signal regions is presented in figure 3. Figure 2 illustrates good agreement between data and
background expectations in SR1. A small excess of the data over the predicted background is observed
in the 120 GeV< mMMC

µ⌧ <140 GeV region in SR2. This small excess in SR2 has a local significance of
2.2 standard deviations and a combined significance for both signal regions of 1.3 standard deviations.
This corresponds to a best fit value for the branching fraction of Br(H ! µ⌧)=(0.77 ± 0.62)%. Due to
the low significance of the observed excess, an upper limit on the LFV branching ratio Br(H ! µ⌧) for
a Higgs boson with mH = 125 GeV is set using the CLs modified frequentist formalism [61] with the
profile likelihood–ratio test statistics [62]. The observed and the median expected 95% CL upper limits
are 1.85% and 1.24+0.50

�0.35%, respectively. Table 3 provides a summary of all results.
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Figure 5: Upper limits on LFV decays of the Higgs boson in the H ! e⌧ hypothesis (left) and H ! µ⌧ hypothesis
(right). The limits are computed under the assumption that either Br(H ! µ⌧)=0 or Br(H ! e⌧)=0. The µ⌧had
channel is from Ref. [22].
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Lepton jets
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Figure 2: The Higgs boson decays to a pair of dark fermions fd2 , each of which decays to a Hidden Lightest Stable
Particle (HLSP) and a dark photon (left) or to a HLSP and a dark scalar sd1 (right) that in turn decays to a pair of
dark photons �d.

minimum transverse energies of ET > 35 GeV and ET > 25 GeV are used. For the muon channels, a
dimuon trigger with a pT threshold of 13 GeV as well as a single-muon trigger with a pT threshold of 36
GeV are used. For the mixed channels where both electrons and muons are present, the single-electron,
the single-muon and the dimuon triggers are used.

Electron candidates to be used to build lepton-jets are reconstructed from clusters of deposited energy
with ET > 10 GeV inside the EM calorimeter fiducial region, |⌘| < 2.47, excluding the barrel/end-cap
transition region 1.37 < |⌘| < 1.52 where there is substantial inactive material that is di�cult to model
accurately. Each cluster must have at least one inner detector track associated. The reconstructed electron
is required to match an electron trigger object above the ET trigger threshold in the trigger system within
�R ⌘

p
(��)2 + (�⌘)2 < 0.2. The transverse shower profiles of these reconstructed electrons di↵er with

respect to an isolated electron from a W or Z boson because the electrons overlap.

Muon candidates to be used to build lepton-jets must be reconstructed in both the ID and the MS and
have |⌘| < 2.5. Additional requirements are placed on the number of associated hits in the silicon pixel
and microstrip detectors, as well as on the number of track segments in the MS. A requirement |d0| < 1
mm with respect to the primary vertex is imposed on muons. Muon candidates are required to match to
the muon trigger objects within �R < 0.2.

4.1 Track selection

The track selection criteria are crucial for reconstruction of close pairs of tracks and for assessment of
fake rates (e.g. when a single track is misreconstructed as two tracks). The criteria are as follows:

• pT > 5 GeV, |⌘ | < 2.5.
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Figure 12: The 95% confidence-level observed and expected upper limits on the cross section times branching
fractions into final-states consisting of two lepton-jets in the production of 2�d + X via Higgs-portal topology
for m�d = 0.4 GeV based on the combined results of the eLJ–eLJ, muLJ–muLJ, eLJ–muLJ channels. The
limit is drawn as a function of lifetime c⌧. The results for various lifetimes ranging up to 100 mm are derived by
extrapolating the detection e�ciency using the curve as described in Figure 11. The comparison with the theoretical
prediction (dashed line) for 10% BR of Higgs boson decay to two dark photons shows that values of c⌧ below 3.2
mm are excluded at 95% confidence-level.
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Figure 13: A two-dimensional exclusion plot in the dark-photon mass m�d and the kinetic mixing ✏ parameter space,
taken from Ref. [66]. The branching ratios are for H ! 2�d+X decays. The 90% confidence-level exclusion region
for prompt H ! 2�d + X production with 5%, 10%, 20% and 40% branching fractions into 2 �d+ X decay are
extracted based on the present combined results from the eLJ–eLJ, muLJ–muLJ and eLJ–muLJ channels using
8 TeV data at ATLAS. The excluded regions are derived based on comparing the total signal expectation for the
H ! 2�d + X production model with the 90% confidence-level upper limit on the signal expectation. The legend
represents the ATLAS exclusions by both the prompt (this paper) and displaced lepton-jet analyses [18].
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Figure 16. The 95% upper limits on the �⇥BR for the processes H ! 2�d + X (left) and
H ! 4�d + X (right), as a function of the �d lifetime (c⌧) for the FRVZ benchmark samples,
excluding the TYPE2-TYPE2 events. The expected limit is shown as the dashed curve and the
almost identical solid curve shows the observed limit. The horizontal lines correspond to �⇥BR for
two values of the BR of the Higgs boson decay to dark photons.

FRVZ model Excluded c⌧ [mm]

BR(10%)

H ! 2�d +X no limit
H ! 4�d +X 52  c⌧  85

Table 10. Ranges of �d lifetime (c⌧) excluded at 95% CL for H ! 2�d +X and H ! 4�d +X,
assuming 10% BR and the Higgs boson SM gluon fusion production cross section and including the
TYPE2-TYPE2 events.
and (5) of ref. [9]. For more details see also refs. [2, 6]. For H ! 2�d +X with a �d mass
= 0.4 GeV excluding TYPE2-TYPE2 events, the interval that is excluded at 95% CL is
7.7⇥10�7  ✏  2.7⇥10�6.
These results are also interpreted in the context of the Vector portal model as exclusion
contours in the kinetic mixing parameter ✏ vs �d mass plane [27, 60] as shown in figure 17.
Assuming Higgs decay branching fractions into �d of 5/10/20/40% and the NNLO gluon
fusion Higgs production cross section, the lifetime limits can be converted into kinetic
mixing parameter ✏ limits. While the other limits are model-independent because they
produce the hidden photon through the vector portal coupling, this limit does depend
on the additional assumption on the Higgs branching fraction to the hidden sector. The
resulting 90% CL exclusion regions for H ! 2�d + X are shown in figure 17; the �d

mass interval (0.25–1.5) GeV corresponds to the values in which the �d decay branching
fractions and the detection efficiencies are comparable with those for the 0.4 GeV �d mass.
The systematic uncertainties due to the detection efficiency and decay branching fraction
variations as a function of the �d mass were estimated and included in the 90% CL exclusion
region evaluations.
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