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Motivation for rare and BSM decays of 
125 GeV Higgs boson 
• Higgs couplings to 1st and 2nd generation need to be 

measured to confirm the Standard Model (SM). 
•  Only observations so far are with 3rd generation. 

• Rare and invisible decay SM BR are tiny. 
  à any significant deviation from SM could indicate new 
physics. 
• Decay to two pseudoscalar bosons (a) is the simplest 

BSM decay mode. 
• Decay to two vector bosons (Z/Zd) is also a possibility. 

•  Zd = dark sector vector boson 

à More details in Zhen Liu’s talk. 
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Rare decays 
•  µµ (BR = 0.022 %)  [à Jana Faltova’s talk] 

•  Zγ, Qγ 
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Mode CM energy Luminosity σ*BR/σSM Reference 
Z γ 13 TeV 36.1 fb-1 < 6.6 JHEP 10 (2017) 112 
ρ γ 13 TeV 35.6 fb-1 < 52 arXiv:1712.02758 
φ γ 13 TeV 35.6 fb-1 < 209 arXiV:1712.02758 
J/ψ γ 13 TeV 36.1 fb-1 < 117 arXiv:1807.00802 * 
Υ γ 13 TeV 36.1 fb-1 < 105 arXiv:1807.00802 * 

Mode CM energy Luminosity σ*BR/σSM Reference 
µµ 13 TeV 79.8 fb-1 < 2.1 ATLAS-CONF-2018-026 

H→ meson + γ 

8 

Innovative set of ATLAS searches using meson decays 
 
Search for enhanced Higgs couplings to 1st and/or 2nd generation quarks 
 
Uses triggers and background estimate 
techniques from B-physics group! 

Search for enhanced Higgs couplings to 1st and 
2nd generation quarks 

* Details in following slides 

New 



H à J/ψγ, ψ(2S)γ, Υ(nS)γ 
• ψ,Υ à µ+µ- ;  
•  photon+muon trigger. 
• Selection: 

•  Good quality muons. 
•  Mass window cut on m(µµ). 
•  Good quality photon. 

• Backgrounds: 
•  Non resonant: data-driven. 
•  Zγ: MC shape, fit to data. 

• Statistically limited. 
• SM BR 

•  J/ψγ: 3.0e-6 
•  Υ(1S)γ: 5.2e-9 
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Figure 4: The mµ+µ� � and mµ+µ� distributions for the selected (a)  (nS) � and ⌥(nS) � ((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�� background contribution. The ratios of the data to the background-only fits are also
shown.

13

Ev
en

ts
/2

.5
 G

eV

10

20

30

40

50

60 ATLAS
-1=13 TeV, 36.1 fbs

Data
σ1±Background fit 

Combinatoric
(nS) backgroundψ

Z FSR
-3)=10γ(nS)ψ →B(H
-6)=10γ(nS)ψ →B(Z

 [GeV]γ-µ+µm
50 100 150 200 250 300D

at
a/

Bk
gd

0.5
1

1.5

Ev
en

ts
/0

.0
5 

G
eV

20

40

60

80

100
ATLAS

-1=13 TeV, 36.1 fbs

Data
σ1±Background fit 

Combinatoric
Z FSR

(nS) backgroundψ
-3)=10γ(nS)ψ →B(H
-6)=10γ(nS)ψ →B(Z

 [GeV]-µ+µm
2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2D

at
a/

Bk
gd

0.5
1

1.5

(a)

Ev
en

ts
/5

 G
eV

20

40

60

80

100

120

140

160 ATLAS
-1=13 TeV, 36.1 fbs

B category

Data
σ1±Background fit 

Combinatoric
(nS) backgroundϒ

Z FSR
-3)=10γϒ →B(H
-6)=10γϒ →B(Z

 [GeV]γ-µ+µm
50 100 150 200 250 300D

at
a/

Bk
gd

0.5
1

1.5
Ev

en
ts

/0
.1

 G
eV

5

10

15

20

25

30

35

40

45 ATLAS
-1=13 TeV, 36.1 fbs

B category

Data
σ1±Background fit 

Z FSR
Combinatoric

(nS) backgroundϒ
-3)=10γϒ →B(H
-6)=10γϒ →B(Z

 [GeV]-µ+µm
8 8.5 9 9.5 10 10.5 11 11.5 12D

at
a/

Bk
gd

0.5
1

1.5

(b)

Ev
en

ts
/5

 G
eV

20
40
60
80

100
120
140
160
180
200
220

ATLAS
-1=13 TeV, 36.1 fbs

EC category

Data
σ1±Background fit 

Combinatoric
(nS) backgroundϒ

Z FSR
-3)=10γϒ →B(H
-6)=10γϒ →B(Z

 [GeV]γ-µ+µm
50 100 150 200 250 300D

at
a/

Bk
gd

0.5
1

1.5

Ev
en

ts
/0

.1
 G

eV

5

10

15

20

25

30

35

40

45 ATLAS
-1=13 TeV, 36.1 fbs

EC category

Data
σ1±Background fit 

Z FSR
Combinatoric

(nS) backgroundϒ
-3)=10γϒ →B(H
-6)=10γϒ →B(Z

 [GeV]-µ+µm
8 8.5 9 9.5 10 10.5 11 11.5 12D

at
a/

Bk
gd

0.5
1

1.5

(c)

Figure 4: The mµ+µ� � and mµ+µ� distributions for the selected (a)  (nS) � and ⌥(nS) � ((b) barrel and (c) endcap
categories) candidates along with the results of the maximum-likelihood fits with background-only models. Z FSR
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shown.
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H signal 

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

Branching fraction limit (95% CL) Expected Observed
B (H ! J/ �) [ 10�4 ] 3.0+1.4

�0.8 3.5
B (H !  (2S) �) [ 10�4 ] 15.6+7.7

�4.4 19.8
B (Z ! J/ �) [ 10�6 ] 1.1+0.5

�0.3 2.3
B (Z !  (2S) �) [ 10�6 ] 6.0+2.7

�1.7 4.5
B (H ! ⌥(1S) �) [ 10�4 ] 5.0+2.4

�1.4 4.9
B (H ! ⌥(2S) �) [ 10�4 ] 6.2+3.0

�1.7 5.9
B (H ! ⌥(3S) �) [ 10�4 ] 5.0+2.5

�1.4 5.7
B (Z ! ⌥(1S) �) [ 10�6 ] 2.8+1.2

�0.8 2.8
B (Z ! ⌥(2S) �) [ 10�6 ] 3.8+1.6

�1.1 1.7
B (Z ! ⌥(3S) �) [ 10�6 ] 3.0+1.3

�0.8 4.8

9 Summary

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

p
s = 13 TeV pp collision data sample collected with the ATLAS detector at the LHC

corresponding to an integrated luminosity 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/ �) < 3.5 ⇥
10�4 and B (Z ! J/ �) < 2.3 ⇥ 10�6 for the J/ � final state. The corresponding upper limits are
B (H !  (2S) �) < 2.0⇥10�3 and B (Z !  (2S) �) < 4.5⇥10�6 for the (2S) � final state. The 95% CL
upper limits B (H ! ⌥(nS) �) < (4.9, 5.9, 5.7) ⇥ 10�4 and B (Z ! ⌥(nS) �) < (2.8, 1.7, 4.8) ⇥ 10�6 are
set for the ⌥(nS) � (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/ � and H(Z) ! ⌥(nS) � results from the ATLAS
Collaboration using up to 20.3 fb�1 of

p
s = 8 TeV pp collision data with the addition of the first upper

limits on the H/Z !  (2S) � decays.
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BSM decays: H à aa/VV 
•  aa 

•  ZZd/ZdZd 

24 July 2018 Higgs Hunting 2018, Orsay/Paris 5 

Mode CM energy Luminosity σ*BR/σSM Reference 
2µ2τ 8 TeV 20.3 fb-1 < 10-1 - 1 PRD92 (2015) 052002 
4b 13 TeV 36.1 fb-1 < 1 - 3 arXiv:1806.07355* 
4γ 8 TeV 20.3 fb-1 < 10-3 EPJC 76(4),1-26(2016) 
2γ2j 13 TeV 36.7 fb-1 < 0.03 – 0.16 PLB 782 (2018) 750 
2b2µ 13 TeV  36.1 fb-1 < 2*10-3 - 10-4 arXiv:1807.00539* 
4µ 13 TeV 36.1 fb-1 < 2*10-4 - 1 arXiv:1802.03388* 

Mode CM energy Luminosity σ*BR/σSM Reference 
4e, 4µ, 2e2µ 13 TeV 36.1 fb-1 < 10-4 – 10-3 arXiv:1802.03388* 

* Details in following slides 

New 

New 



H à aa à 4b analysis 
• WH/ZH production à lepton trigger 

24 July 2018 Higgs Hunting 2018, Orsay/Paris 6 
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Figure 1: Representative tree-level Feynman diagrams for the (a) WH and (b) ZH production processes with the
subsequent decays W ! `⌫, Z ! `` (` = e, µ) and H ! aa ! 4b.

Several kinematic variables, including the reconstructed masses in the decay H ! aa ! 4b, are combined
to identify signal events. The background estimation techniques, systematic uncertainties and statistical
treatment closely follow those used in other ATLAS searches with similar signatures [28–32].

2 ATLAS detector

The ATLAS experiment [33] is a multipurpose particle physics detector with forward–backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle.1 The interaction point is surrounded by an
inner detector (ID) tracking system, a calorimeter system, and a muon spectrometer (MS). The ID covers
|⌘ | < 2.5 and consists of a silicon pixel detector, a silicon microstrip detector, and a transition radiation
tracker. The ID includes the insertable B-layer [34], a pixel layer close to the interaction point, which
provides high-resolution measurements at small radius to improve the tracking performance. A thin
superconducting solenoid surrounds the ID and provides a 2 T axial magnetic field. The calorimeter
system features a high-granularity lead/liquid-argon sampling calorimeter that measures the energy and
the position of electromagnetic showers within |⌘ | < 4.9. Liquid-argon sampling calorimeters are also
used to measure hadronic showers in the endcap (1.5 < |⌘ | < 3.2) and forward (3.1 < |⌘ | < 4.9) regions,
while a steel/scintillator tile calorimeter measures hadronic showers in the central region (|⌘ | < 1.7). The
MS surrounds the calorimeters and consists of three large superconducting air-core toroid magnets, each
with eight coils, a system of precision tracking chambers (|⌘ | < 2.7), and fast trigger chambers (|⌘ | < 2.4).
For Run 2, the ATLAS detector has a two-level trigger system. The first-level trigger is implemented
in hardware and uses a subset of the detector information to reduce the rate of accepted events to 100

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). The transverse momentum pT and other transverse
variables are defined by projecting these variables into the x–y plane, and the transverse energy ET is defined as

q
m2 + p2

T,
where m represents the mass of a considered object. The distance in the pseudorapidity–azimuthal-angle space is defined as
�R =

p
(�⌘)2 + (��)2.
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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)
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arXiv:1806.07355 

Two signal regions 
Selection: 
nJets >= 3 
nBJets >= 2 
mT cut or  
Z mass cut 



H à aa à 4b analysis 
• Backgrounds: ttbar and Z+jets. 

•  Use Boosted Decision Tree to categorize  
  6 signal regions and 7 control regions, and determine backgrounds. 

• Systematic errors: 
•  B-tagging (10-20%), Jet energy (3-7%), ttbar modeling (10-40%) 

24 July 2018 Higgs Hunting 2018, Orsay/Paris 7 
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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
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bands are also displayed.
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9 Conclusion

This paper presents a search for exotic decays of the Higgs boson into a pair of spin-zero particles, H ! aa,
where the a-boson decays into two b-quarks. The search focuses on processes in which the Higgs boson is
produced in association with a W or Z boson that decays leptonically. The analysis uses the pp collision
dataset at

p
s = 13 TeV recorded by the ATLAS detector at the LHC in 2015 and 2016, corresponding to

an integrated luminosity of 36.1± 0.8 fb�1. The search for H ! aa ! 4b is performed in the mass range
20 GeV  ma  60 GeV, considering prompt as well as long-lived a-bosons with mean proper lifetimes
c⌧a up to 6 mm. The analysis uses several kinematic variables combined in a multivariate discriminant in
signal regions and uses control regions to reduce uncertainties in the background estimates. No significant
excess of data is observed relative to the SM predictions. Upper limits at 95% CL are derived for the
WH and ZH production cross-section times branching ratio of the decay H ! aa ! 4b. The combined
observed upper limit for promptly decaying a-bosons ranges from 3.0 pb for ma = 20 GeV to 1.3 pb
for ma = 60 GeV, assuming that the ratio of WH to ZH cross-sections follows the SM prediction. For
a-bosons with longer proper lifetimes, the best limits are 1.8 pb and 0.68 pb, for ma = 20 GeV and 60 GeV
respectively, at c⌧a ⇠ 0.4 mm.
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Figure 8: Comparison between data and prediction for the BDT discriminants in the (left) single-lepton signal
regions trained with a signal with ma = 50 GeV: (a) (1`, 3j, 3b), (c) (1`, 4j, 3b) and (e) (1`, 4j, 4b) and in the (right)
same-flavour dilepton signal regions trained with a signal with ma = 30 GeV: (b) (2`, 3j, 3b), (d) (2`, �4j, 3b) and
(f) (2`, �4j, �4b), after performing the combined single-lepton and dilepton fit of the predictions in all SRs and
CRs to the data. The signal yield (solid red) is normalized to µ̂ after the fit for a signal with ma = 60 GeV.
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H à aa à 2b2µ analysis 
• Single muon triggers. 
• Selection: 

•  Exactly 2 b-jets.  
•  Exactly 2 muons.  
•  Higgs mass window cut. 
•  Missing Et < 60 GeV to suppress ttbar 

events. 
• Background: 

•  Drell-Yan dimuon events. 
  à data template method. 
•  ttbar à simulation. 
•  Normalized in control regions. 

• Statistically limited. 
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hashed bands show the total statistical and systematic uncertainties of the backgrounds.
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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 2 ⇥ 10�4 and 10�3, depending on ma. Model-
independent limits are set on the visible cross-section for new physics times branching ratio to the bbµµ
final state (�vis(X)⇥B(X ! bbµµ)), and range from 0.1 fb to 0.73 fb, depending on the dimuon mass.
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H à aa/ZZd/ZdZd à 4l analysis 
• Vector boson model: 

•  Zd = vector boson of dark sector 
U(1)d 

• Pseudo-scalar model: 
•  2HDM + pseudo-scalar (a) 
•  H à aa is allowed. 

• Combinations of lepton triggers. 
• Selection: 

•  Two pairs of same-flavor opposite-
sign leptons. 

•  Higgs mass window cut. 
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80 GeV [48]. In the mass range of 10 MeV–10 GeV, values of ✏ above ⇠ 10�3 are ruled out [49–54].The
experiments at the LHC are the only ones sensitive to the production of Higgs bosons, and this makes
possible the search for the presence of a Higgs portal presented here. Constraints on the Higgs mixing
parameter  are probed through the H ! ZdZd ! 4` search while constraints on the kinetic mixing
parameter and the mass-mixing parameter � can be obtained through the H ! Z Zd ! 4` search.
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Figure 1: Exotic Higgs boson decays to four leptons induced by intermediate dark vector bosons via (left) the
hypercharge portal and (right) the Higgs portal, where S is a dark Higgs boson [14]. The Zd gauge boson decays
to SM particles through kinetic mixing with the hypercharge field or through mass mixing with the Z boson. The
HZ Zd vertex factor is proportional to ✏ whereas the HZdZd vertex factor is proportional to .

2.2 Pseudoscalar-boson model

Another possibility to extend the SM with a hidden sector is to consider two-Higgs-doublet models
extended by one complex scalar singlet field (2HDM+S) [15].

Two-Higgs-doublet models predict two charged scalars (H±), two neutral scalars (H, H) and one neutral
pseudoscalar (A). The real mass eigenstate H is considered to be the observed Higgs boson, while other
states are taken to be heavy in the decoupling limit to ensure that highly non-standard Higgs decays (e.g.
involving CP-violation) which are significantly constrained by existing data, are avoided [55, 56]. The
scalar singlet added to 2HDM only couples to the two Higgs complex fields in the potential and has no
Yukawa couplings. Therefore, all of its couplings to SM fermions are acquired through mixing of the
scalar field with the Higgs complex fields, which needs to be small to preserve the SM nature of the Higgs
sector.

With these assumptions, the decay H ! aa is allowed, where a is a light pseudoscalar mass eigenstate
mostly composed of the imaginary part of the singlet field.2 The aforementioned constraints on two-
Higgs-doublet models can be incorporated in the 2HDM+S by choosing a region of the 2HDM phase
space not yet excluded, and giving the real and imaginary components of the singlet separate masses
and small mixings to the Higgs doublets. The branching ratios of a into fermions are determined by the
Yukawa couplings of a to fermions, and lead to a rich decay phenomenology [15], albeit with typically
negligible branching ratio to pairs of electrons, and smaller branching ratios to pairs of muons than the
dark vector bosons described in the previous section. Among all the models predicting di�erent decay
possibilities, type II are theoretically well motivated,3 since light pseudoscalars can correspond to the

2 The pseudoscalar state is a = cos ✓aSI + sin ✓aA, where ✓a ⌧ 1 is a small mixing angle and SI is the imaginary part of the
complex singlet field.

3 The right-handed states dR and eR couple to H1, uR to H2, where H1 and H2 are the two Higgs doublets. See Ref. [15] for
more information.
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H à aa/ZZd/ZdZd à 4l analysis 
• Background: H à ZZ* à 4l and ZZ* à 4l 

•  Simulations were used. 
•  Validated in background enriched regions. 

• Statistically limited. 
• Systematic errors: 

•  Lepton related: 10 % 
•  MC modeling: 3 – 9 % 
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Figure 4: Distribution of (a) hm``i = 1
2 (m12+m34) and (b) m34 vs m12, for events selected in the H ! X X ! 4` (15 <

mX < 60 GeV) analysis. The example signal distributions in (a) correspond to the expected yield normalized with
�(pp ! H ! ZdZd ! 4`) = 1

10�SM(pp ! H ! Z Z
⇤ ! 4`). The crossed-through points in (b) fail the Z

Veto. The events outside the (shaded green) signal region in figure (b) are events that fail the m34/m12 > 0.85
requirement. The diagonal dashed line marks where m12 = m34, and in this range of dilepton masses all events will
have m34 < m12.

7 H ! XX ! 4µ (1 GeV < mX < 15 GeV) analysis

7.1 Monte Carlo simulation

The generation of the signal processes H ! ZdZd ! 4` and H ! aa ! 4µ follows the prescription
described in Section 6.1. Four samples were generated with Zd masses of 1 GeV, 2 GeV, 5 GeV and
10 GeV, while the mass of the a-boson was varied for 10 di�erent signal hypotheses in the range
0.5 GeV  ma  15 GeV.

The background processes considered in this analysis are described in the following:

H ! ZZ
⇤ ! 4`: The modelling of this process is the same as for the H ! Z Zd ! 4` analysis,

described in Section 5.1.

ZZ
⇤ ! 4`: This process was simulated with S����� 2.1.1 due to an implicit particle-level

requirement on the mass of the Z
⇤ in the P�����-B�� MC sample used for the high-mass selection

described in Section 6.1. The gg-initiated production mechanism was modelled in the same way
as for the H ! Z Zd ! 4` analysis, see Section 5.1. Both production mechanisms are estimated
using the CT10 PDFs.

VVV/VBS: The modelling of this process is described in Section 6.1.

7.2 Event selection

In this search, only events with at least four muons are considered. Similarly to the searches described
above, the selected muons are combined into 4µ quadruplets in all possible permutations of pairs of

17

The two main background processes (H ! Z Z
⇤ ! 4` and Z Z

⇤ ! 4`) are validated by comparison of the
background prediction to data in three validation regions that are orthogonal to the signal region. The first
validation region (VR1) is defined by reversing part of the Z Veto requirement: VR1 requires m14 or m32
to be greater than 75 GeV. The second validation region (VR2) instead requires that m12 is greater than
64 GeV. These two regions primarily validate the H ! Z Z

⇤ ! 4` prediction. The third validation region
(VR3) reverses the requirement on the four-lepton invariant mass window, i.e. requires m4` < 115 GeV
or m4` > 130 GeV. In all three validation regions the m34/m12 > 0.85 requirement is removed in order
to increase the number of data events. Distributions of the average dilepton mass are shown for the three
validation regions in Figure 3.

The background estimates for the signal region are given in Table 3, and include all systematic uncertainties
described in Section 6.4.
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Figure 3: Distributions of hm``i = 1
2 (m12+m34) in three background validation regions of the H ! X X ! 4`(15 <

mX < 60 GeV) analysis: (a) events failing the Z Veto (4e or 4µ events where m14 or m32 > 75 GeV), (b) events where
m12 > 64 GeV, (c) events outside of the 115 < m4` < 130 GeV window. In all cases the m34/m12 requirement is
removed to increase the number of events. The (negligible) contamination by the signal in these validation regions
is shown for three mass hypotheses of the vector-boson benchmark model: the signal strength corresponds to a
branching ratio B(H ! ZdZd ! 4`) = 1

10B(H ! Z Z
⇤ ! 4`) (with B(H ! Z Z

⇤ ! 4`) corresponding to the
SM prediction [93]).
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H à XX à 4l 
• Results 
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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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Figure 10: Upper limit at 95% CL on the branching ratios for processes (a) H ! ZdZd and (b) H ! aa, for the two
benchmark models studied in this paper. The limit on H ! aa is greater than 1 for ma > 15 GeV. The step change
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24

15 20 25 30 35 40 45 50 55
 [GeV]

dZm

4−10

3−10

2−10

1−10) d
 Z

Z
→

B(
H

SM H
σ

H
σ

95
%

 C
L 

up
pe

r l
im

it 
on

 

Observed
Expected

σ 1±
σ 2±

ATLAS
 4l→d ZZ→H

-113 TeV, 36.1 fb

Figure 9: Upper limit at 95% CL on the branching ratio for the H ! Z Zd process.

 [GeV]
dZm

1 2 3 4 5 6 7 8 910 20 30 40 50

)  
 

dZ d
 Z

→
B(

H
SM H
σ

H
σ

95
%

 C
L 

up
pe

r l
im

it 
on

 

4−10

3−10
Observed
Expected
σ1±
σ2±

ATLAS
-113 TeV, 36.1 fb

 4l→ dZd Z→H 

(a) H ! ZdZd

 [GeV]am
1 2 3 4 5 6 7 8 910 20 30 40 50

 a
a)

   
→

B(
H

SM H
σ

H
σ

95
%

 C
L 

up
pe

r l
im

it 
on

 

4−10

3−10

2−10

1−10

1
Observed
Expected
σ1±
σ2±

ATLAS
-113 TeV, 36.1 fb
µ 4→ aa →H 

 = 5βType-II, tan 

(b) H ! aa

Figure 10: Upper limit at 95% CL on the branching ratios for processes (a) H ! ZdZd and (b) H ! aa, for the two
benchmark models studied in this paper. The limit on H ! aa is greater than 1 for ma > 15 GeV. The step change
in (a) at the mX = 15 GeV boundary is due to the addition of sensitivity to 4e and 2e2µ final states (lowering the
limit). The shaded areas are the quarkonia veto regions.

24

15 20 25 30 35 40 45 50 55
 [GeV]

dZm

4−10

3−10

2−10

1−10) d
 Z

Z
→

B(
H

SM H
σ

H
σ

95
%

 C
L 

up
pe

r l
im

it 
on

 
Observed
Expected

σ 1±
σ 2±

ATLAS
 4l→d ZZ→H

-113 TeV, 36.1 fb

Figure 9: Upper limit at 95% CL on the branching ratio for the H ! Z Zd process.

 [GeV]
dZm

1 2 3 4 5 6 7 8 910 20 30 40 50

)  
 

dZ d
 Z

→
B(

H
SM H
σ

H
σ

95
%

 C
L 

up
pe

r l
im

it 
on

 

4−10

3−10
Observed
Expected
σ1±
σ2±

ATLAS
-113 TeV, 36.1 fb

 4l→ dZd Z→H 

(a) H ! ZdZd

 [GeV]am
1 2 3 4 5 6 7 8 910 20 30 40 50

 a
a)

   
→

B(
H

SM H
σ

H
σ

95
%

 C
L 

up
pe

r l
im

it 
on

 

4−10

3−10

2−10

1−10

1
Observed
Expected
σ1±
σ2±

ATLAS
-113 TeV, 36.1 fb
µ 4→ aa →H 

 = 5βType-II, tan 

(b) H ! aa

Figure 10: Upper limit at 95% CL on the branching ratios for processes (a) H ! ZdZd and (b) H ! aa, for the two
benchmark models studied in this paper. The limit on H ! aa is greater than 1 for ma > 15 GeV. The step change
in (a) at the mX = 15 GeV boundary is due to the addition of sensitivity to 4e and 2e2µ final states (lowering the
limit). The shaded areas are the quarkonia veto regions.

24

Z Zd 

Zd Zd 

a a 

Mode BR limit 

H à aa à 4µ < 1 % 
H à Z Zd à 4l < 0.1 % 

H à ZdZd à 4l < 0.01 % 



BSM decays: H à invisible/LFV 
•  Invisible (SM BR(ZZ à 4ν) = 0.1 %) 

 
•  Lepton flavor violation (à Jana Faltova’s talk) 
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Mode CM energy Luminosity BR (expected) Reference 
VBFHinv 8 TeV 20.3 fb-1 < 28 (31) % JHEP 01 (2016) 172 
Z(ll)Hinv 13 TeV 36.1 fb-1 < 67 (39) % PLB 776(2017)318 
V(had)Hinv 13 TeV 36.1 fb-1 < 83 (58) % ATLAS-CONF-2018-005* 
Combined 7TeV + 8TeV 4.7+20.3 fb-1 < 25 % JHEP11(2015)206  

Mode CM energy Luminosity BR Reference 
τµ 8 TeV 20.3 fb-1 < 1.43 % EPJC 77 (2017) 70 
τe 8 TeV 20.3 fb-1 < 1.04 % EPJC 77 (2017) 70 

* Details in following slides 



VH -> jet(s) + invisible analysis 
• Selection: 

•  2 jets or 1 large-R jet + mass cut for 
W or Z candidate. 

•  Large missing ET = invisible. 
•  0 lepton. 

• Backgrounds: 
•  V + jets and ttbar: 

•  1 and 2 lepton control region. 
•  Multijet: enriched control region. 

• Systematic errors: 
•  Signal modeling 5-10%  
•  Mulitijet 100% 
•  Experimental 10%. 
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contribution comparable to or even stronger than the V H process, since its cross section is about 20 times
larger and the jets originating from the initial state radiation are more central than in the VBF process.
The free parameter of this model is the branching ratio BH!inv.. The cross sections for the di�erent Higgs
boson production modes are taken to be given by the SM predictions.
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Figure 1: Examples of dark matter particle (�) pair-production in association with (a) a W or Z boson in a simplified
model with a vector mediator Z 0 between the dark sector and the SM [19] and (b) via decay of the SM-like Higgs
boson produced in association with the vector boson [9–13] or in association with a final-state Z 0 boson via (c) an
additional heavy dark-sector fermion (�2) [15] or (d) via a dark-sector Higgs boson (hD) [15].

Two signal models describe DM production in the mono-Z 0 final state [15]. Both models contain the
Z 0 boson in the final state, which is allowed to decay only hadronically, i.e. Z 0 ! qq̄ with all possible
quark flavors, except for the tt̄ decay channel. In the first model, the so-called dark-fermion model, the
intermediate Z 0 boson couples to a heavier dark-sector fermion �2 as well as the lighter DM candidate
fermion �1, see Figure 1(c). The mass m�2 of the heavy fermion �2 is a free parameter of the model, in
addition to the DM candidate mass m�1 , mediator mass mZ0, as well as the Z 0 couplings to �1 �2 (gDM)
and to all SM particles (gSM). The total Z 0 and �2 decay widths are determined by the choice of the mass
and coupling parameter values, assuming that the only allowed decay modes are �2 ! Z 0 �1, Z 0 ! qq̄
and Z 0 ! �2 �1. Under these assumptions the decay widths are small compared to the experimental di-jet
and large-radius jet mass resolutions. In the second, so-called dark-Higgs model, a dark-sector Higgs
boson which decays to � � pair is radiated from the Z 0 boson as illustrated in Figure 1(d). The mass mhD

and the width �hD of the dark Higgs boson are free parameters of the model, in addition to m�, mZ0,
gSM and gDM. The latter is defined as the coupling of the dark Higgs boson hD to the vector boson Z 0.
Similarly as for the dark-fermion model, the total decay widths of the Z 0 and hD bosons are determined
by the values of the mass and coupling parameters, assuming that the Z 0 boson can only decay into quarks
or radiate an hD boson. The dark Higgs boson is assumed to decay only into � � or Z 0Z 0(⇤). The latter
decay mode is suppressed for mhD < 2mZ0, which is the case for the parameter space considered in this
note.
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Figure 5: The observed (dots) and expected (coloured histograms) Emiss

T distribution obtained with 36.1 fb�1of data
at
p

s = 13 TeV in the mono-W/Z signal region with the merged event topology after the profile likelihood fit, shown
separately for the (a) 0b-HP, (b) 0b-LP, (c) 1b-HP, (d) 1b-LP, and (e) 2b-tag event category. The total background
contribution before the fit to data is shown as a dotted blue line. The hatched area represents the total background
uncertainty. The signal expectation for the simplified vector-mediator model with m� = 1 GeV and mmed = 600 GeV
(dashed red line) and for the invisible Higgs boson decays (dashed blue line) is shown for comparison. The inset at
the bottom of each plot shows the ratio of the data to the total post-fit (dots) and pre-fit (dotted blue line) background
expectation.
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è Artem Basalaev’s talk for Z(ll)Hinv. 



Conclusion 
• Rare Higgs boson decays to 1st and/or 2nd generation of 

quarks and leptons are searched. 
•  Still statistically limited à limits were set. 

• BSM Higgs decays were searched in 4 modes: 
•  2 new pseudo scalar bosons. 
•  2 new vector bosons. 
•  Invisible particles (possibly dark matter particles). 
•  Lepton flavor violating decays. 

•  No observation beyond SM background. 
•  Limits were set. 

• Overall no evidence of BSM physics (yet). 
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Back up 
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Rare decays 
• Main decay modes          Rare decays 

24 July 2018 Higgs Hunting 2018, Orsay/Paris 17 

Channel BR [%] 
bb 58 
WW 21 
gg 8.2 
ττ 6.3 
cc 2.9 
ZZ 2.6 
γγ 0.23 
Sum 99.23 

Channel BR [%] 
µµ 0.022 
Z(ll)γ 0.15*0.067 
ZZ(4ν) 0.1 



H à µµ 
• Single muon trigger. 
• Selection:  

•  Two opposite-charge muons. 
•  Higgs mass window cut. Small missing ET. 
•  VBF category: two forward jets. 
•  ggF category: fail VBF selection. 

• Background: Drell-Yan Z/γ* à µµ 
•  Constrained by Higgs mass window side 

bands. 

• Statistically limited. 
• Results: signal strength = 0.1 

+1.0/-1.1. 
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Figure 5: Background-only fit to the observed mµµ distribution in the non-central high p
µµ
T category (left) and in the

VBF Tight category (right). Only the statistical uncertainties are shown for the data points. The expected signal is
scaled by a factor of 20. The lower panels show the di�erence between the data and the background-only fit divided
by the data uncertainty.

of Nspur are derived for three nearby Higgs boson masses (120, 125, and 130 GeV), and from these the
largest value between the yields and their statistical uncertainties is taken as the Nspur value for a certain
category. A detailed discussion about how Nspur is used in the fitting procedure is given in Ref. [73]. The
background modeling uncertainty is treated as uncorrelated among all the categories. This uncertainty
varies from 10% to 100% of the statistical uncertainties of the background, depending on the category.
The impact of the background mismodelling on the expected upper limit on the signal strength is about
4%.

6.3 Fit to data

The observed mµµ spectrum is compared to the background-only fit in Figure 5 for the two most sensitive
categories, while the other six categories are presented in Appendix A. The �2 per degree of freedom for
the fit is good for all the categories.

The S+B model is fit to the observed mµµ spectra in eight signal categories simultaneously and the
measured overall signal strength is µ = 0.1+1.0

�1.1. The observed significance for a SM H ! µµ signal with
mH = 125 GeV is 0.0�, while the expected significance is 0.9�. An upper limit on µ is computed using a
modified frequentist CLs method [75, 76] with the profile-likelihood-ratio test statistic [75]. The observed
upper limit on µ at 95% CL is found to be 2.1, with an expected limit of 2.0 for the case of no H ! µµ
signal and an expected limit of 2.8 for the case of a H ! µµ signal at SM strength. This limit is driven by
the data statistical uncertainty. The impact of the systematic uncertainties is found to be 4%, dominated
by the spurious signal systematics. This result represents an improvement of about 35% compared to the
previous ATLAS result [11].
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Figure 1: Observed and simulated distributions of the di-muon mass mµµ (left) and transverse momentum p
µµ
T (right)

for events in the region 76 < mµµ < 160 GeV. The expected signal of a Higgs boson of mH = 125 GeV is multiplied
by a factor 50. The Drell–Yan background prediction is reweighted to the data as described the text, while the minor
background processes are fixed to the SM predictions. The error band in the lower panel reflects the experimental
uncertainties in the MC background prediction, while the error bars on the points show the statistical uncertainties
of the MC simulation and the subdominant data contribution. Theoretical uncertainties are not included. For the
right plot the right-most bin contains the overflow.

The transverse momentum spectrum of Z/�⇤ ! `` events is often not well described by MC event
generators [63]. The observed data-to-simulation ratio in the Z control region is thus parameterised
by a smooth function that is applied to the simulation, normalizing the simulation to the data overall
and improving the shape agreement to better than 5%. Figure 1 shows the general agreement between
data and simulation after this reweighting for inclusively selected events in the full analysis region
76 < mµµ < 160 GeV, with respect to the dimuon mass mµµ and transverse momentum p

µµ
T .

Similar comparisons between are data and simulation are performed in the Z+ � 2 jets control region. As
the di-jet invariant mass m j j in data is not well modelled by the generator [64], the prediction is reweighted
to the data in this distribution. Other distributions agree generally well, although some mismodelling of
the simulation is observed at a similar level as reported before [65].

The region with 110 < mµµ < 160 GeV constitutes the inclusive signal region with an overall signal
e�ciency of 56% and 57% for the ggF and VBF processes, respectively. In the region of 120 < mµµ <
130 GeV about 450 H ! µµ signal events are expected from an SM Higgs boson of mH = 125 GeV,
however the expected signal-to-background ratio (S/B) is just about 0.2%. To improve the discrimination
between signal and background, the selected events are further split into categories exploiting the kinematic
di�erences between signal and background as well as the resolution of mµµ in the ATLAS detector. Two
categories are defined to target the rarer VBF production mode and six categories are defined to exploit
the more abundant events produced via ggF.

6



H à φ(K+K-)γ, ρ(π+π-)γ 
• Special trigger: 

•  2 “track + jet” + photon 

• Backgrounds: 
•  Photon+jet and Multijet 
•  Data driven method 

using templates. 

• Statistically limited. 
• Expected SM BR 

•  φγ: 2.3e-6  
•  ργ: 1.7e-5 
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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 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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H à aa à jjγγ analysis 
• Diphoton triggers. 
• Selections: 

•  2 photons + 2 jets 
•  Higgs mass window cut. 
•  VBF mode: H(jjγγ) + 2 jets 

• Background: γγ+mulitijets 
•  Estimated from looser 

photon ID and |m(γγ) – m(jj)| 
control regions. 

• Statistically limited. 
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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).

6 Conclusions

In summary, a search for exotic decays of the Higgs boson into a pair of new (pseudo)scalar particles,
H ! aa, in final states with two photons and two jets is conducted using 36.7 fb�1 of pp collisions atp

s = 13 TeV recorded with the ATLAS detector at the LHC. The search for H ! aa ! ��gg is performed
in the mass range 20 < ma < 60 GeV and with additional jet requirements to enhance VBF-produced
signal while suppressing the ��+jets background. No significant excess of data is observed relative to the
SM predictions. An upper limit is set for the product of the production cross-section for pp ! H and the
branching ratio for the decay H ! aa ! ��gg. The upper limit ranges from 3.1 pb to 9.0 pb depending
on ma, and is mostly driven by the statistical uncertainties. These results complement the previous upper
limit on H ! aa ! ���� and further constrains the BSM parameter space for exotic decays of the Higgs
boson.
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(a) (b)

(c) (d)

Figure 1: Distributions of kinematic observables before the requirements on m
VBF
j j

, leading VBF jet pT, m�� j j and
|mj j � m�� | for: (a) m

VBF
j j

; (b) leading VBF jet pT; (c) |mj j � m�� |; and (d) m�� j j (with the additional requirement
|mj j � m�� | < 12 GeV that defines the signal-enriched region). The quantities are shown separately for simulated
signal events (with ma = 30 GeV) produced in the VBF mode and compared with those produced in the ggF mode
and the observed data.

isolation. Contributions to the calorimeter isolation from the underlying event and pile-up are subtracted
using the method proposed in Ref. [25]. Candidates with a calorimeter isolation larger than 2.2% of the
photon’s transverse energy are rejected.

Jets are reconstructed from topological clusters [26] using the anti-kt algorithm [27] implemented in
the FastJet package [28] with a radius parameter of R = 0.4. Jets are calibrated using an energy- and
⌘-dependent calibration scheme, and are required to have a transverse momentum (pT) greater than 20 GeV
and |⌘ | < 2.5 or pT > 30 GeV and |⌘ | < 4.4. A track- and topology-based veto [29, 30] is used to suppress
jets originating from pile-up interactions. Jets must have an angular separation of �R > 0.4 from any
Loose photon candidate in the event.

Each event is required to have at least two photon candidates whose transverse energy requirements depend
on the trigger path the event follows. In each path the o�ine transverse energy requirements are designed
so that the trigger selections are fully e�cient. For events passing the trigger with higher transverse energy
thresholds, the leading photon is required to have ET > 40 GeV, and the sub-leading photon is required to
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