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H-> aa -> XXYY
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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
of Table 5. The dark band is the statistical uncertainty and the lighter band is the systematic uncertainty. These
e�ciencies were computed using the H ! Z Zd ! 4` model. (b) Upper limits at the 95% CL on fiducial cross-
sections for the H ! Z X ! 4` process. The limits from the H ! Za ! 4` search are valid only for the 2`2µ
channel as the H ! Za model assumes B(a ! µµ) = 100%.
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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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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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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.

13

• 36 fb-1 @13 TeV

h→aa→2b2µ

h→ZdZd→4lep

h→aa→4b

h→aa→2j2y
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HLR benchmarks
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• H-> aa -> XXYY

‣ Usually use 2HDM+S
CMS public

HLR benchmarks

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay#Benchmark%20models

https://twiki.cern.ch/twiki/bin/viewauth/CMSPublic/SummaryResultsHIG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay#Benchmark%20models
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• H-> ZdZd -> XXYY

‣ Zdark models

HLR benchmarks
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
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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
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Figure 9: Upper limit at 95% CL on the branching ratio for the H ! Z Zd process.
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay#Benchmark%20models

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay#Benchmark%20models
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• H-> aa -> 4j,2y2j

‣ ALPs?

HLR benchmarks

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay#Benchmark%20models

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay#Benchmark%20models
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• H-> aa -> XXYY / invis

‣ DM inspired invisible+visible mediator decays

HLR benchmarks

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay#Benchmark%20models

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGExoticDecay#Benchmark%20models
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2HDM+a limits

The puzzle of dark matter 29.10.18Arely Cortes Gonzalez

2HDM + a
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Figure 1. Assorted diagrams that give rise to a tt̄ + ET,miss (left), Z + ET,miss (middle) and
h + ET,miss (right) signal in the simplified pseudoscalar model considered in our work. The ex-
changed spin-0 particles are of scalar (H) or pseudoscalar (a, A) type. Further Feynman graphs
that contribute to the different mono-X channels can be found in Figures 7 to 11.

by the ATLAS/CMS DM Forum (DMF) [3] constraints from mono-jet searches dominate
throughout the parameter space [39], whereas for the model considered here tt̄ + ET,miss,
mono-Z and mono-Higgs searches yield competitive bounds and often provide the leading
constraints. See Figure 1 for an illustration of the various ET,miss processes that are of most
interest in our simplified model. This complementarity of different searches is the result of
the consistent treatment of the scalar sector, inducing gauge and trilinear scalar couplings
of the mediator beyond the ones present in the DMF pseudoscalar model.

It is particularly appealing that the Z +ET,miss and h+ET,miss signatures are strongest
in the theoretically best motivated region of parameter space, where the couplings of the
light Higgs are SM-like. In this region of parameter space, couplings of the new scalar
states to SM gauge bosons are strongly suppressed and play no role in the phenomenology,
leading to gluon-fusion dominated production and a very predictive pattern of branching
ratios. In consequence, a complementary search strategy can be advised, with the exciting
possibility to observe DM simultaneously in a number of different channels, some of which
are not limited by systematic errors and can be improved by statistics even beyond 300 fb�1

of luminosity. The importance of di-top resonance searches [40, 41] to probe neutral spin-0
states with masses above the tt̄ threshold is also stressed, and it is pointed out that for
model realisations with a light scalar partner of the SM Higgs, di-tau resonance searches
should provide relevant constraints in the near future. We finally comment on the impact
of bottom-quark (bb̄) initiated production.

This paper is structured as follows. In Section 2 we describe the class of simplified DM
models that we will study throughout our work, while Section 3 contains a comprehensive
review of the non-ET,miss constraints that have to be satisfied in order to make a given
model realisation phenomenologically viable. The partial decay widths and the branching
ratios of the spin-0 particles arising in the considered simplified DM models are studied
in Section 4. The most important features of the resulting ET,miss phenomenology are
described in Section 5. In Section 6 we finally present the numerical results of our analyses
providing summary plots of the mono-X constraints for several benchmark scenarios. The
result-oriented reader might want to skip directly to this section. Our conclusions and a
brief outlook are given in Section 7.

– 3 –

Lj. Morvaj H->aa->bbµµ
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FIG. 1: Branching ratios of a CP-odd scalar a in a 2HDM+S type-II model with tan� = 4 (left) and a type-III model with
tan� = 2 (right). For the type-II model, Br(h ! 2a ! 2b2µ)/Br(h ! 2a) ' 4.0 ⇥ 10�4 for 15 GeV < ma < mh/2, which
is very similar to the SM+S scenario, see Table I. For the type-III model, Br(h ! 2a ! 2b2µ)/Br(h ! 2a) ' 1.6 ⇥ 10�3 for
15 GeV < ma < mh/2, which is enhanced by about a factor of 4 compared to the SM+S in Table I.

FIG. 2: Br(h ! 2a ! 2b2µ)/Br(h ! 2a) of a CP-odd scalar, a, (left) and CP-even scalar, s, (right) in 2HDM+S with a fixed
mass ma(s) = 40 GeV.

a function of tan� for a CP-odd scalar a, while in the
right plot we consider a CP-even scalar s for two choices
of ↵0 (the scalar mass is set to 40 GeV). In both cases,
the maximum value of Br(h ! 2a(s) ! 2b2µ)/Br(h !

2a(s)) of the type-III 2HDM+S (' 0.0016) is about four
times greater than that for type-I or II (' 0.0004).

The maximum value of Br(h ! 2a ! 2b2µ)/Br(h !

2a) in the type-III 2HDM+S model can be understood
simply as follows. From Table II, the coupling of abb̄

(a⌧+⌧� and aµ
+
µ
�) scales as 1/ tan� (tan�). Thus,

keeping only the most important terms and ignoring
phase space and QCD corrections,

Br(h ! 2a ! 2b2µ)

Br(h ! 2a)
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the maximum value given by
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where
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m
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⇡ 0.0035. (6)

(The derivation for the CP-even scalar is identical, up to
the replacement tan� ! � sin↵/ cos�.) Interestingly,
as we discuss in §IV, the sensitivity of a 2b2µ search to
Br(h ! 2a) in these somewhat leptophilic scenarios is
competitive with purely leptonic searches like h ! 2⌧2µ,
while providing a potentially cleaner final state for ex-
perimental reconstruction.

C. NMSSM

An important example of a model with a non-minimal
scalar sector is the NMSSM (see, e.g., [36] for review).
An additional Higgs singlet superfield Ŝ is introduced to
address the µ problem of the MSSM. The Higgs super-
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FIG. 1: Branching ratios of a CP-odd scalar a in a 2HDM+S type-II model with tan� = 4 (left) and a type-III model with
tan� = 2 (right). For the type-II model, Br(h ! 2a ! 2b2µ)/Br(h ! 2a) ' 4.0 ⇥ 10�4 for 15 GeV < ma < mh/2, which
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FIG. 2: Br(h ! 2a ! 2b2µ)/Br(h ! 2a) of a CP-odd scalar, a, (left) and CP-even scalar, s, (right) in 2HDM+S with a fixed
mass ma(s) = 40 GeV.
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An additional Higgs singlet superfield Ŝ is introduced to
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✓  bb side gives high Br(a→bb)
✓  µµ side provides clean signature + triggering

•  The most optimistic Br(2a→2b2µ)~0.16% is found in a certain Type III 2HDM+S model

•  Search in 20<Mµµ<60 GeV range
‣ Br(a→xx) ~constant
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g

Figure 6: Example diagrams that give rise to an h+E
miss

T
(upper row), Z +E

miss

T
(middle

row) and tW +E
miss

T
(lower row) signal in the 2HDM+a model. For further details consult

the main text.

resonant mono-Higgs production. Similar resonance enhancements arise from the diagram

on the left-hand side for the mono-Z (middle row) and tW + E
miss

T
(lower row) channel

if MH > MZ + Ma and MH± > MW + Ma, respectively. The interference between the

box diagram and the resonant production is further described in Section 6.3. Resonant

h + E
miss

T
, Z + E

miss

T
and tW + E

miss

T
production is not allowed in the spin-0 DM models

proposed by the DMF because the mediators couple only to fermions at tree level. As a

result only diagrams of the type shown on the right-hand side of Figure 6 are present in

these models.

6.1.1 Mono-Higgs signature

Processes that are resonantly enhanced in the 2HDM+a model have in common that they

involve the on-shell decay of a heavy Higgs H, A, H
± to a SM particle and the mediator a,

which subsequently decays to a pair of DM particles. The kinematics of the process A !

BC is governed by the two-body phase space for three massive particles

�(mA, mB, mC) = (m2

A � m
2

B � m
2

C)2 � 4m
2

Bm
2

C , (6.1)
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Figure 1. Assorted diagrams that give rise to a tt̄ + ET,miss (left), Z + ET,miss (middle) and
h + ET,miss (right) signal in the simplified pseudoscalar model considered in our work. The ex-
changed spin-0 particles are of scalar (H) or pseudoscalar (a, A) type. Further Feynman graphs
that contribute to the different mono-X channels can be found in Figures 7 to 11.

by the ATLAS/CMS DM Forum (DMF) [3] constraints from mono-jet searches dominate
throughout the parameter space [39], whereas for the model considered here tt̄ + ET,miss,
mono-Z and mono-Higgs searches yield competitive bounds and often provide the leading
constraints. See Figure 1 for an illustration of the various ET,miss processes that are of most
interest in our simplified model. This complementarity of different searches is the result of
the consistent treatment of the scalar sector, inducing gauge and trilinear scalar couplings
of the mediator beyond the ones present in the DMF pseudoscalar model.

It is particularly appealing that the Z +ET,miss and h+ET,miss signatures are strongest
in the theoretically best motivated region of parameter space, where the couplings of the
light Higgs are SM-like. In this region of parameter space, couplings of the new scalar
states to SM gauge bosons are strongly suppressed and play no role in the phenomenology,
leading to gluon-fusion dominated production and a very predictive pattern of branching
ratios. In consequence, a complementary search strategy can be advised, with the exciting
possibility to observe DM simultaneously in a number of different channels, some of which
are not limited by systematic errors and can be improved by statistics even beyond 300 fb�1

of luminosity. The importance of di-top resonance searches [40, 41] to probe neutral spin-0
states with masses above the tt̄ threshold is also stressed, and it is pointed out that for
model realisations with a light scalar partner of the SM Higgs, di-tau resonance searches
should provide relevant constraints in the near future. We finally comment on the impact
of bottom-quark (bb̄) initiated production.

This paper is structured as follows. In Section 2 we describe the class of simplified DM
models that we will study throughout our work, while Section 3 contains a comprehensive
review of the non-ET,miss constraints that have to be satisfied in order to make a given
model realisation phenomenologically viable. The partial decay widths and the branching
ratios of the spin-0 particles arising in the considered simplified DM models are studied
in Section 4. The most important features of the resulting ET,miss phenomenology are
described in Section 5. In Section 6 we finally present the numerical results of our analyses
providing summary plots of the mono-X constraints for several benchmark scenarios. The
result-oriented reader might want to skip directly to this section. Our conclusions and a
brief outlook are given in Section 7.

– 3 –

χχ

tt

bb

cc

τ+τ -

gg

100 200 300 400 500
10-2

0.05

0.10

0.50

1

Ma [GeV]

B
R
(a

→
X
)
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Figure 2. Branching ratios of the lighter pseudoscalar a as a function of its mass for two different
choices of sin ✓ and m� as indicated in the headline of the plots. The other relevant parameters have
been set to tan � = 1, MH = MA = MH± = 750GeV and y� = 1. Notice that for this specific tan �

value the branching ratios of the pseudoscalar a do not depend on the choice of Yukawa sector.

on-shell a mediators are possible. The corresponding partial decay width reads

� (h ! aa) =
1

32⇡
g
2
haa

Mh�a/h , (4.4)

with

ghaa =
1

Mhv

h �
M

2
h
� 2M

2
H + 4M

2
H± � 2M

2
a � 2�3v

2
�
sin2

✓

� 2
�
�P1 cos2 � + �P2 sin2

�
�
v
2 cos2 ✓

i
.

(4.5)

Notice that the haa coupling contains terms proportional to both sin2
✓ and cos2 ✓. These

contributions result from the trilinear and quartic couplings in the scalar potential (2.2),
respectively. In our THDM plus pseudoscalar extension, h ! aa decays are even possible
in the limit ✓ ! 0, which is not the case in the simplified model considered in [19–21].

Since the total decay width of the SM Higgs is only about 4 MeV, three-body decays of h

into final states with a single a can also be relevant in the mass range Mh/2 < Ma . Mh.
Phenomenologically the most important three-body decay is the one where a is accompanied
by a pair of DM particles but decays to an a and SM fermions are also possible. The
corresponding partial decay widths are given by

� (h ! a��̄) =
y
2
�

32⇡3
g
2
haa

Mh��/a g(⌧a/h) cos2 ✓ ,

�
�
h ! aff̄

�
=

N
f
c

�
⇠
M
f

�2

32⇡3

m
2
f

v2
g
2
haa

Mh�f/a g(⌧a/h) sin2
✓ ,

(4.6)
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Figure 3. Branching ratios of the lighter scalar h as a function of the pseudoscalar mass Ma for
two different choices of m� as indicated in the headline of the plots. The other relevant parameters
have been set to tan � = 1, MH = MA = MH± = 750GeV, sin ✓ = 1/

p
2, �3 = �P1 = �P2 = 0

and y� = 1.

with [80]

g(⌧) =
1

8
(⌧ � 4)

h
4 � ln

⇣
⌧

4

⌘i

�
5⌧ � 4

4
p

⌧ � 1


arctan

✓
⌧ � 2

2
p

⌧ � 1

◆
� arctan

✓
1

p
⌧ � 1

◆�
.

(4.7)

In Figure 3 we show the branching ratios of the SM Higgs h for two different values of
the DM mass. We observe that for a light pseudoscalar mediator a one has in both cases
BR (h ! a��̄) = 100%. In fact, the total decay width of the lighter scalar h exceeds 3 GeV

for masses Ma . 70 GeV. Such large values of �h are in conflict with the model-independent
upper limits on the total decay width of the Higgs as measured by both ATLAS and CMS
in LHC Run I [81, 82]. Notice that since the pseudoscalar a decays with 100% to DM pairs
for the considered values of m� one has BR (h ! a��̄) = BR (h ! 2�2�̄). This implies
that for light DM the simplified model presented in Section 2 is subject to the constraints
arising from invisible decays of the Higgs boson [37, 38]. We will analyse the resulting
restrictions on the parameter space in Section 6.4. The right panel finally illustrates that
in cases where m� is close to a quarter of the SM Higgs mass also decays such as h ! abb̄

with a ! ��̄ can have branching ratios of a few percent (or more) for a narrow range of Ma

values. Notice that for the choice tan � = 1 used in the figure the result for BR
�
h ! abb̄

�

does not depend on the particular Yukawa assignment.

4.3 Heavier scalar H

In the alignment/decoupling limit of the pseudoscalar extensions of the THDM model the
heavier scalar H does not couple to W

+
W

� and ZZ pairs. In addition the Hhh vertex
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Figure 13. Summary plots showing all relevant constraints in the Ma– tan � plane for four
benchmark scenarios. The colour shaded regions correspond to the parameter space excluded by
the different ET,miss searches, while the constraints arising from di-top resonance searches and
flavour physics are indicated by the dashed and dotted black lines, respectively. Parameters choices
below the black lines are excluded. All exclusions are 95% CL bounds. See text for further details.

Turning ones attention to the constraints that arise from DM searches, one observes
that even with an integrated luminosity of 300 fb�1, tt̄ + ET,miss measurements (green re-
gion) should be able to exclude only a small part of the Ma– tan � plane. For pseudoscalar
masses Ma around the EW scale values of tan � . 0.6 can be tested, while tt̄ + ET,miss

searches have essentially no sensitivity to the parameter region with Ma & 2mt since
the decay channel a ! tt̄ opens up. The weakness of the tt̄ + ET,miss constraint is ex-
pected

�
see (5.1)

�
since the tt̄ + a production cross section is suppressed by sin2

✓ ' 0.1 in
our first benchmark. This suppression is also the reason for our finding that with 40 fb�1

of 13 TeV data, mono-jet searches will not lead to any relevant restriction on tan �, if one

– 25 –

• 2HDM+S vs 2HDM+a

‣ Similar, but in 2HDM+S no coupling between a and DM
➡All the decays go to SM

‣ 2HDM+a assumes gDM ~ 1, used for interpretations of 
mono-X DM searches

arXiv:1701.07427 
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✴ Can we come up with a model where a could decay 

to both DM and SM fermions and then show all the 

constraints together? 
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FIG. 2. Comparison of the region consistent with the Fermi-LAT excess (blue shaded) and the observed (red) and expected
(black dotted) 90% CL exclusion contours of the MT2 analysis. The green and yellow shaded regions show the ±1� and ±2�
bands of the expected MT2 limits. The black dashed and dot-dashed lines show projected limits at 13 TeV. The region above
the lines is excluded. In each panel, we fix mDM = 45 GeV and one of {MA, gDM, gSM}, as indicated.

uncertainties in Ref. [22]. The expected and observed
limits also include a 20% systematic uncertainty on the
signal yield, which is typical for these searches [9, 22]. For
both bands we have validated our implementation with
the MT2 public results and find good agreement. Based
on the expected sensitivity of the MT2 search shown in
Fig. 1, we have chosen gSM = 2 (left), gDM = 1 (middle)
and MA = 150 GeV (right) to illustrate the constraints
the MT2 search places on the Fermi-LAT excess. A res-
onance feature when MA ⇡ 2mDM is seen in both the
Fermi-LAT region and the MT2 limit in the MA � gDM

and MA � gSM planes. Outside this region, the excess is
consistent with gDM ⇠ gSM ⇠ O(1). Owing to the o↵-
shell suppression of the production cross-section, these
searches cannot place relevant constraints on the region
below MA < 2mDM.

Our observed limit for the MT2 search is approxi-
mately 2� weaker than our expected limit. This is com-
patible with [36], where the observed limit for direct pro-
duction of light squarks is also weaker than expected. In
contrast, expected and observed limits are similar for the
mono-jet analysis. This suggests that the weaker limit is
caused by statistical fluctuations in the background es-
timates in some of the phase space regions probed by
the MT2 search that are inaccessible to the mono-jet
search. Of course, we cannot exclude the possibility that
a DM signal causes the weaker limit, but given that this
is a 2� e↵ect, additional data are required to draw any
significant conclusion.

Even with a ⇠ 2� weaker observed limit than expected,
the MT2 search still excludes a significant fraction of the
Fermi-LAT excess region for 2mDM . MA . 400 GeV.
For gSM = 2, MT2 excludes all of the excess region above
MA = 107 GeV (left panel), while for gDM = 1 mediator
masses compatible with the excess above 177 GeV (mid-
dle panel) are excluded. The right panel shows that MT2

is able to exclude all of the excess region for gDM < 0.93
for an illustrative mediator mass of MA =150 GeV. In
these panels we assumed thatmDM = 45 GeV but similar

conclusions are found for values up to mDM = 65 GeV. In
fact, Fig. 1 demonstrates that the MT2 limits have little
dependence on mDM for mDM . 125 GeV.
To illustrate how the Fermi-LAT excess parameter

space might be probed in the future, we also provide pro-
jected sensitivities of the MT2 search. The basis for these
extrapolations are the 8 TeV limits, which are rescaled
assuming that the underlying performance of the search
in terms of signal e�ciency and background suppression
remains unchanged. These assumptions were also used
in Ref. [16] and form the basis of Collider Reach [37].
Figure 2 shows the projected limits for an early start-
up scenario assuming 13 TeV and 30 fb�1 (black dashed)
and a long-term scenario with 13 TeV and 300 fb�1 (black
dot-dashed). The increase in energy and luminosity will
enable this search to significantly increase its sensitivity.
Assuming that search performance is maintained, it will
be possible to probe almost all of the region MA > 2mDM

compatible with the Fermi-LAT excess.
Finally, we see that the projected limits do not con-

strain the region MA < 2mDM. This implies that this
search will not be able to probe the ‘cascade-annihilation’
models that explain the Fermi-LAT excess (see e.g. [38]).
In these models, a pair of mediating particles are pro-
duced on-shell, requiring MA < mDM.

DISCUSSION

Although the mono-jet search is the most prominent
search for DM at the LHC, we have shown that the
multi-jet plus /ET search, MT2, provides more strin-
gent constraints on DM production for a pseudoscalar
mediator. The additional sensitivity of the multi-jet
search originates from binning the search into cate-
gories of jet-multiplicity and kinematic variables like
HT and MT2, as well as from extending to higher jet-
multiplicities than the one- or two-jet final state probed
by the mono-jet search. This is especially relevant for

arXiv:1505.07826v2 
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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
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�̄�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
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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 
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H->displaced muons
where 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.

g̃

g̃

�̃0
1

Z

�̃0
1

Z
p

p

q q

G̃

µ
µ

qq

G̃

f
f

(a)

H
ZD

p

p

ZD

µ

µ

�

�

(b)

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

6
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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

Figure 9: The observed 95% CL excluded regions in the plane of ZD–Z kinetic mixing parameter, ✏ , versus ZD
mass, for values of B (H ! ZDZD) = 1% or 10%, and mHD = 300 GeV. The value of B (ZD ! µ+µ�) varies
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.
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H-> J/ψy, ψ(2s)y, Y(nS)y
• 36 fb-1 @13 TeV
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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

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.)
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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

13

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
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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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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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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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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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