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1. Introduction

Since the discovery of the Higgs boson [1] [2] in 2012, the ATLAS collaboration [3] has
been working to study its properties and interactions with other particles. One interesting question
is whether the Higgs can decay to an “invisible” final state, that is, neutral particles not directly
observable by detectors. In the Standard Model, the only such particle is the neutrino, and the only
way a Standard Model Higgs can produce a fully invisible final state is through the H — ZZ* —
vy process, which has the very small calculated branching fraction of 1.05 x 1073 [4]. However,
the branching ratio By iy can be significantly enhanced by various Beyond the Standard Model
physics. For example, one scenario of particular interest is “Higgs portal” dark matter, in which
the Higgs couples directly to a potential dark matter particle. If the dark matter particle has a mass
mpm < %m H = 62.5GeV, it should be possible to directly observe this decay at a collider.

Figure 1 shows possible invisible decays in the main four Higgs production modes. To search
for one of these signatures, we can look for a large transverse momentum imbalance (E‘Tniss) plus
evidence of the production signature in question. The main challenge in doing so is distinguishing
these processes from the decay of a Z boson into neutrinos, which will also produce a large E%“iss
in the final state and may leave a similar signature. To that end, even though the cross section of
gluon-gluon fusion (ggF, Figure 1c¢) is the largest of the four production modes, it is far smaller than
that of the Z decay into neutrinos, and therefore not the most sensitive channel. Instead, the most
sensitive is vector boson fusion (VBF, Figure 1a), the second most common production mode, as
the VBF Higgs and VBF weak boson cross sections are on the same order of magnitude.
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Figure 1: Feynman diagrams showing potential invisible Higgs decay in the main Higgs production channels.

ATLAS has performed searches for invisible Higgs decays since run 1; a summary of recent
previous analyses containing 36.1fb~! of 4/s = 13 TeV proton-proton collision data is shown in
Figure 2 [5]. Two new searches with 139 fb~! of /s = 13 TeV data that set limits on By i,y have
recently been released: an update to the VBF analysis [6] and a new interpretation of the mono-jet
analysis [7]. A brief overview of these results is presented in the next two sections.

2. VBF Higgs to Invisible

The vector boson fusion H — invisible analysis searches for a pair of jets plus a large missing
transverse momentum (E%liSS > 200 GeV) from the Higgs’s decay into invisible particles [6]. The
jets from the VBF process tend to be widely separated in pseudorapidity (7) with little hadronic



Searches for invisible Higgs boson decays at the ATLAS experiment Benjamin John Rosser

T T
ATLAS
Vs=7TeV,471f0"
Vs =8TeV, 20.3 fb"
Vs=13TeV, 36.1 fo"
m— Observed limit
@msms Expected limit +1o
...... Expected limit +2¢
All limits at 95% CL

T

o
®

Upper limit on BH_, inv
o o
B ()}

©
o

! ! ! !
V(had)H  Z(lep)H VBF  Combined Combined Combined
Run 2 Run 2 Run 2 Run 2 Run 1 Run 1+2

Figure 2: Limits on By _,ipy from the ATLAS collaboration using partial run 2 data (36.1 fb~1). Three run 2
analyses are included— two VH searches (V(had) and Z(lep)) and VBF- and are then combined with results
from run 1 to set an observed (expected) limit of 0.26 (0.17+3-97). [5]

activity between them. To suppress this background, requirements are imposed on the 7 (An;; > 4)
and invariant mass (m; > 800GeV) of the dijet system, and additional central jets are vetoed.
Further, because of the scalar nature of the Higgs, the jets in the final state tend to be more aligned
in the transverse plane than the V+jets background, so A¢;; is required to be less than 2.0.
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Figure 3: Pre-fit plots of the Z.. (2-lepton) and W,y (1-lepton) control region for the VBF analysis.
Electroweak-initiated V+jets processes become the dominant background as m;j; increases. In these regions,
the ErTniss cut is defined using the vector sum of ErTniss and the transverse momentum (pr) of the lepton(s). [6]

A partially data driven technique is used to estimate the Z(vv)+jets and W (lv)+jets (with lost
lepton) backgrounds. One- and two- lepton control regions are defined, as shown in Figure 3. In
these regions, data is compared to a Monte Carlo (MC) simulation of the V+jets processes, and the
ratio of data to MC is taken as a transfer factor to rescale the MC prediction in the zero-lepton signal
region. This process is performed separately for each bin and for W and Z processes: Z — [l is
used to estimate Z — vv. The MC used is produced using the SHERPA 2.2 generator [8], with VBF-
initiated V+jets events produced at leading order (LO) and strong-initiated V+jets events produced



Searches for invisible Higgs boson decays at the ATLAS experiment Benjamin John Rosser

at next to leading order (NLO). To reduce uncertainties on the background estimate, a parton-level
filter was developed in collaboration with the authors of SHERPA to enhance the generated sample
size in the high m;j; region.

Two additional backgrounds comes from multijet (QCD) events, in which a jet is either mis-
measured as a fake lepton (contaminating the W control regions) or as fake E%‘iss (contaminating the
signal region). The fake lepton background is estimated using a dedicated low E%ﬁss significance
region, and an additional transfer factor is derived for each bin in the W,,,, control region. The fake
E‘T][liSS background is estimated using a data-driven rebalance and smear technique. A sample of
events with no real E{"™" are extracted from single-jet triggered data, and by smearing the jet pr
multiple times per event, the jet mismeasurement can be simulated to produce a sample of QCD
events with fake EIT“iSS. This multijet estimate is then normalized by a fit to data in Agj;, and closure
checked in in low-m;; and low-EL"* versions of the signal region.
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Figure 4: Post-fit plot showing data/MC agreement for all regions and bins in the VBF analysis. The analysis
uses a 2D binning in A¢;; (bins 1-5 require A¢;; < 1 and 6-10 require 1 < A¢;; < 2) and m;;. The first ten
bins require Njeis = 2; events with additional forward jets (2 < Njeis < 4) are grouped into the 11th bin. [6]

The multijet estimate and transfer factors are applied in a simultaneous likelihood fit across
all regions and bins; the results are shown in Figure 4. No significant disagreement between data
and Monte Carlo is seen, and so an observed (expected) 95% confidence limit is set on By _iny at
0.13(0.13*3-0%). This is approximately a factor of 3 improvement in sensitivity from the previous
version of the VBF analysis (shown in Figure 2), where the observed (expected) limit was 0.37
(0.28+-48). The largest source of uncertainty on this limit is data statistics, followed by V+jets
simulation statistics and multijet background estimation.

This result can also be interpreted as a limit on the decay of the Higgs into dark matter particles,
such as a weakly interacting massive particle (WIMP) [9]. Figure 5 shows that results from this

analysis are quite complementary to limits set by direct dark matter detection experiments.

3. Monojet

The mono-jet analysis searches for a large missing transverse momentum (EIT’niss > 200 GeV),
plus at least one additional jet, which is required to have pr > 150 GeV and || < 2.4. This search
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Figure S: By _,iny limit from VBF analysis interpreted as a limit on the spin-independent WIMP-nucleon
elastic scattering cross section for two Higgs portal models in which the Higgs decays to WIMPs. These
limits are then compared to results from direct detection experiments. [6]

has many possible interpretations, one of which is gluon-gluon fusion H — invisible in which a jet
is produced as initial state radiation from the production of the Higgs [7].

% [ ATLAS Preliminary | T o I % 10°F ATLAS Preliminary | T o i
O 10°F {5-=13TeV, 13915 233 Standard Model w.unc. S E =13Tev, 139" 53 Standard Model w. une.
2 408 '{ W(— ev) Control Region - Post Fit W ) + jets 1‘ @ 10 ;E Top Control Region - Post Fit W V) + jets 35
qE) E p.(i)>150 GeV \{EIF W(- v) + jets E g +L p.()>150 GeV \{BFW(—» Iv) + jets 9
T A T+ single top o 10%E T {i+ single top E
Diboson 15 . E Diboson 3
10° Z(o> 1) + jets 4 10° g Z(> 1) + jets E
10°F ] 0 E
10 10f 1
1F 1E 1
10'E = 107'g
E Il Il L L L £ Il Il L Il L 3
I T T T T T 1T 12 T T T T T
R - Z 1 !
e ' . | e PR |
£ o e I £ o : i |
o O.“ Stat. + Syst. Uncertainties a O'i Stat. + Syst. Uncertainties
LBE Ly i I 8E R it W P I I
200 400 600 800 1000 200 400 600 800 1000

7200, 7200
p’T”"‘ [GeV] p’:c"‘ [GeV]

Figure 6: Post-fit plots of the W(ev) and top control regions for the mono-jet analysis. The variable prTeC(’”

is the vector sum of the missing transverse momentum E%“SS and the lepton(s) in each control region. [7]

Background estimation for the mono-jet analysis is done using a data-driven procedure similar
to that described in Section 2. One- and two- lepton control regions are defined for Z+jets and
W+jets background estimation, with an additional control region added for top backgrounds that
requires one lepton and one b-jet. MC in these regions is reweighted analytically as a function of
boson pr to next to next to leading order (NNLO) in QCD, and NLO in electroweak, with Sudakov
logarithms at two loops [10]. In addition, the Z and W processes are correlated, meaning that a
single transfer factor is used per bin for both weak boson backgrounds. Two additional transfer
factors are defined for ¢7 and single-# backgrounds.

A simultaneous shape fit was performed, and no significant excess observed. Figure 6 shows
post-fit plots in the W and top control regions, and Figure 7 shows a post-fit plot of the signal region.
The total uncertainty on the fit is 1.2 to 4.1% across all bins, and the major sources of systematic
uncertainty are electron and muon identification and reconstruction. The very low uncertainty
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Figure 7: Post-fit plot of the mono-jet analysis signal region. In this plot, the variable pfre“ﬂ is simply the
missing transverse momentum, E%niss. [71

enables a limit on By i,y to be set, and the 95% confidence observed (expected) limit is 0.63
(0.57). The H — invisible signal acceptance is only 54% ggF, with 34% comprised of VBF events
and 12% VH events, so the analysis is sensitive to multiple invisible production channels.

4. Conclusion

Two recent ATLAS results with 139 fb~! of proton-proton collision data that set limits on

BH iny have been presented. The VBF analysis sets an observed (expected) limit of 0.13 (0. 13f8:82 s

which is significantly improved from the previous ATLAS combination of 0.26 (0.17+3-97) [5]. The

mono-jet analysis sets a limit of 0.63(0.57), an interpretation not previously done in run 2.
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