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1. Introduction

Following the observation [1, 2] of a Higgs boson, H, with a mass of approximately 125 GeV [3]
by the ATLAS [4] and CMS Collaborations, the properties of its interactions have been measured
in subsequent publications. The couplings to Standard Model (SM) elementary particles were mea-
sured and confirmed to be consistent with the predictions for a SM Higgs boson within the present
uncertainties [5]. The search for invisible or rare decays of the Higgs boson are an important area
of investigation because any observation of them with the present LHC luminosity would be a clear
signature of physics beyond the Standard Model (BSM). In this article three recent measurements
from the ATLAS Collaboration are presented: the search for Higgs decays to Zy [6], the search
for an invisibly decaying Higgs boson or dark matter candidates produced in association with a Z
boson [7], and the search for Higgs decays to ¢y and py [8].

2. Searches for the Zy decay mode of the Higgs boson
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Figure 1: The my, distributions of events satisfying the H — Zy selection in data for two example event
categories: (a) VBF-enriched, (b) high p%. The points represent the data and the statistical uncertainty. The
solid lines show the background-only fits to the data, performed independently in each category. The dashed
histogram corresponds to the expected signal for a SM Higgs boson with my = 125 GeV decaying to Zy
with a rate 20 times the SM prediction. The bottom part of the figures shows the residuals of the data with
respect to the background-only fit.

In the SM, the Zy decay proceeds through loop diagrams similar to the H — yy decay. The
branching ratio for the Higgs boson decay to Zy is predicted by the SM to be B(H — Zy) =
(1.54 £0.09) x 1073 at my = 125.09 GeV. A H — Zy branching ratio different from the SM
prediction would be expected if, for example, the H were a neutral scalar of different origin [9].

In the analysis events are split into mutually exclusive event categories that are optimised to
improve the sensitivity of the search using the expected signal-to-background ratio and the expected
three-body invariant mass resolution. The invariant Zy mass (mzy) for two of the most sensitive
categories are shown in Figure 1. For Z — ppu candidates the invariant mass resolution of the Z
boson candidate is improved by 3% when correcting the muon momenta for the collinear radiation
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of photons from final-state leptons. A constrained kinematic fit is applied to recompute the four-
momenta of the dilepton pair for Z — uu and Z — ee candidates. The fit models the lepton energy
and momentum response as a Gaussian distribution for each lepton, and the Gaussian width is given
by the expected resolution. The kinematic fit improves the my, .y (m,ey) resolution by 7% (13%) for
my = 125 GeV.

No evidence of a localised excess is visible near the anticipated Higgs mass my = 125.09 GeV.
The observed 95% CL limit on o(pp — H)-B(H — ZY) is found to be 6.6 times the SM prediction,
corresponding to the limit of 547 fb. Assuming SM Higgs boson production, the upper limit on the
branching ratio of the Higgs boson decay to Zy is found to be 1.0%. The expected 95% CL limit
on o(pp — H)-B(H — Zy) assuming no (a SM) Higgs boson decay to Zy is 4.4 (5.2) times the
SM prediction.

3. Search for an invisibly decaying Higgs boson in association with a Z boson
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Figure 2: Observed ET"** distribution in the ee (left) and pu (right) channel compared to the signal and
background predictions. The error band shows the total statistical and systematic uncertainty on the back-
ground prediction. The ratio plot gives the observed data yield over the background prediction (black points)
as well as the signal-plus-background contribution divided by the background prediction (blue or purple line)
in each E%‘iss bin. The ZH — (¢ + inv signal distribution is shown with By_,;,, = 0.3, which is the value
most compatible with data. The simulated DM distribution with mpeq = 500 GeV and my = 100 GeV is
also scaled (with a factor of 0.27) to the best-fit contribution.
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In the SM, the invisible decay of the Higgs boson (H — ZZ — vvVvV) has a branching ratio
By _yinv Of 1.06 x 1073 for my = 125 GeV [10]. A larger By iy can exist in many extensions
of the SM. For example, a Higgs boson can decay to dark matter (DM) through the Higgs portal
model [11, 12]. Observation of a By_,i,y significantly above the SM value would give a strong
indication for BSM physics.

This search is carried out in a £¢ + E%liss final state, which contains large E%niss and a pair of
high-pr isolated electrons (ee) or muons (i ). Backgrounds are reduced by removing events with
extra leptons or any jets containing b-hadrons (“b-jets”) and by requiring a boosted Z boson which
is back to back with the missing transverse momentum vector (E%liss). No significant excess over
the SM background expectation is observed for the E%‘iss data distributions (see Figure 2) and a
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95% CL upper limit is placed on By _iny, assuming the SM prediction for the ZH production cross-
section. Using the combined ee and pu channel, the observed and expected limits on B,y are
67% and 39%, respectively. The data is used to constrain the mediator and WIMP masses of dark
matter models.

4. Search for exclusive Higgs boson decays to ¢y and py

> o T R R SR > {gpos T T T T T T
[ [
S 50 ATLAS  Preliminary i O] r ATLAS  Preliminary 7
Ay r Vs=13 TeV, 35.6 o' b Z L Vs=13 TeV, 32.3 fo”" i
[2] [2]
< C ] S 800 + —
2 200/— . 4 - |
i1} H i i} L ] ++ ; B
L ] 600— —
150— - r B
1ooi ] 400~
r —— Background Fit +1o B —— Background Fit +1o
= - Background . - Background
L [ B(H—oy)=4.8x10* 2001, [ ] B(H—py)=8.8x10*
[ Bz—oy)=0.9x10° [ [ Bz—py)=25x10°
= 1.2 =
[ 4 [in
= 1 +++++++++++++++ +++++++++++++++++++++ ++ =
T 0.8f | 4 T
a 80 90 100 110 120 130 a 80 90 100 110 120 130
My, [GeV] Myry [GEV]

Figure 3: The mg+g-, and my+ -, distributions of the selected ¢y and py candidates, respectively, along
with the results of the maximum-likelihood fit 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 and the background only fit is shown.

In the Standard Model (SM) the interactions to fermions are implemented through Yukawa in-
teractions, and a wealth of beyond-the-SM theories predict substantial modifications of the relevant
Higgs boson couplings to fermions. An overview of relevant models of new physics is provided
in Ref. [10]. The Higgs boson decay to a ¢ or p(770) meson and a photon provides sensitivity
to its couplings to the strange-quark, and the up- and down-quarks, respectively. The expected
SM branching fractions are B(H — ¢y) = (2.3140.11) x 107% and B(H — p7y) = (1.6840.08) x
1075 [13].

The transverse momentum of the M candidates (where M is either the ¢ or p meson) is required
to be greater than a threshold that varies as a function of the invariant mass of the three-body system,
myry. The background processes are modelled with a non-parametric data-driven approach using
templates to describe the kinematic distributions and the background normalisation and shape are
simultaneously extracted from a fit to the data.

The results of the background-only fits for the ¢y and p7y analyses are shown in Figure 3.
The observed yields are consistent with the number of events expected from the background only
prediction within the systematic and statistical uncertainties. On the basis of the observed data,
upper limits are set on the branching fractions for the Higgs and Z boson decays to My. The
observed 95% CL upper limits on the branching fractions for H — ¢y and Z — ¢ 'y decays are 208
and 87 times the expected SM branching fractions, respectively. The corresponding values for the
py decays are 52 and 597 times the expected SM branching fractions, respectively.
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