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1. Introduction

The discovery of a Higgs boson (%) at the Large Hadron Collider (LHC) motivates searches for
Higgs boson pair production (di-Higgs production). Di-Higgs production in the Standard Model
(SM) proceeds at leading order via a box-diagram (Figure 1(a)) or by s-channel / production (Fig-
ure 1(b)), the latter of which features the trilinear 4 self coupling. In principle, this gives access
to the self-coupling via measurements of the di-Higgs production rate at the LHC. Destructive in-
terference between the two production processes, however, significantly reduces the cross section,
making such measurements very challenging. On the other hand, physics beyond the SM could
enhance the di-Higgs production rate, either through resonant production of a new particle, X (e.g.
s-channel production of Kaluza-Klein gravitons), or through enhanced non-resonant production
(e.g. existence of a direct tthh vertex).

In Run 1 of the LHC, ATLAS [1] developed a rich di-Higgs physics program, with searches in
the bbbb (# = 34%), bbtt (# = T%), Yybb (% = 0.26%) and yYWW* (% = 0.1%) channels [2].
Updates of the searches in the bbbb [3], yybb [4] and yyWW* [5] channels using 3.2-13.3fb~! of
integrated luminosity collected by the ATLAS detector in pp collisions at /s = 13 TeV produced
by the LHC are presented in this report.
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Figure 1: Standard Model di-Higgs production via (a) a box-diagram or (b) s-channel 4 production [4].

2. Search in the bbbb channel

Searches for low-mass resonant (my < 1TeV) and non-resonant di-Higgs production in the
bbbb channel are performed using a resolved analysis. To maintain high signal efficiency, the events
are selected by a set of triggers requiring either one or two b-tagged jets with various kinematic and
tagging criteria and in some cases additional jets. The events must contain at least four b-tagged
jets with pr > 30GeV. Higgs boson candidates are formed by pairing jets with angular separation
consistent with the signal. Further selection is placed on the pt, angular separation and mass of the
Higgs boson candidates. The total selection efficiency is 1-6%, which decreases at high resonance
masses as the jets become too close to be resolved. For high-mass resonant production, a boosted
analysis is performed. Events are selected by a single fat-jet (R = 1.0) trigger and must contain
a leading (sub-leading) pr fat-jet with pr > 450(250) GeV. The fat-jets are trimmed to minimise
impact from pileup and each one must have at least one associated b-tagged track jet (R = 0.2).
The two fat jets must pass further selection on their angular separation and mass.

The dominant background contribution is from multijet production. It is estimated in the
resolved (boosted) analysis by weighting events in a control region that contain exactly 2 (0) b-
tagged jets by transfer factors calculated in a two dimensional side-band formed by the recon-
structed masses of the Higgs boson candidates. In addition to normalising the sample, the transfer
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Figure 2: (a) Distribution of my4; in the resolved signal region of the bbbb channel and (b) the expected and
observed upper limit for pp — Ggx — hh — bbbb for a Kaluza-Klein graviton [3].

factors also include a kinematic reweight to account for kinematic biases from the b-tagging algo-
rithm. The minor contribution from ¢ is estimated using simulation. The dominant uncertainties
on the background prediction are due to the modelling of the Multijet contribution, evaluated using
modifications to the control regions, and on the ¢7 contribution, due to modelling of the initial-
and final-state radiation. Their combined effect is 5-24% on the total background normalisation
depending on the signal region. The dominant uncertainty on the signal prediction arises from
modelling of the b-tagging efficiency, and can be as large as 58%.

Resonant and non-resonant signals are searched for using an extended profile likelihood fit to
the four-jet (two-jet) mass distributions of the resolved (boosted) analyses (see Figure 2(a)). An
upper limit of ¢(pp — hh — bbbb) < 330 fb on non-resonant production is found at 95% CL,
which corresponds to ~29 times the expectation from the SM. Figure 2(b) shows the 95% CL
upper limits for a spin-2 graviton.

3. Search in the yybb and yyWW™ channels

Events in the yybb and yyWW*(— [vjj) channels are selected with a diphoton trigger. The
Yybb events should contain two isolated photons with an invariant mass of 105-160 GeV and two
b-tagged jets with an invariant mass of 95-135 GeV. The non-resonant search is performed by an
unbinned fit to the diphoton mass distribution. In the resonant search, the diphoton mass window is
tightened to 122-128 GeV, the four-momentum of the bb system is scaled so that m,;, = 125 GeV
(improving the myy,;, resolution by ~60%) and myy,, is required to be within a window that con-
tains 95% of the signal events. A counting experiment is then performed to search for the signal.
The yyWW*(— [vj) events should contain two isolated photons with an invariant mass of 122—
128 GeV, an isolated electron or muon and two jets that are not b-tagged. A counting experiment
is used to search for both resonant and non-resonant signals.

The dominant backgrounds for both channels arise from continuum diphoton production,
which is estimated via data-driven techniques. For the yyWW*(— [vjj) channel, the continuum
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Figure 3: Diphoton mass distributions in the (a) yybb and (b) yYyYWW?* channels [4, 5].

contribution is estimated by weighting events in a myy sideband by a transfer factor that is calcu-
lated in a control region with the same selection as the signal region, but with no selected electrons
or muons and a wider my, window. For the resonant search in the yybb channel, a similar proce-
dure is applied, with the following modifications. First, the transfer factor is calculated in a control
region where both jets fail the b-tagging criteria (0-tag). Second, an additional transfer factor,
calculated in the same region, is applied to account for the myy,;, selection. For the non-resonant
search, the 0-tag region is included in the unbinned fit to help constrain the shape of the continuum
background. In both channels, systematic uncertainties have little impact, as they are statistically
limited.

The my, distributions for the yybb and yyWW*(— [vjj) channels are shown in Figures 3(a)
and 3(b), respectively. Upper limits on non-resonant production of o(pp — hh — yybb) < 10fb
and o (pp — hh — yyWW™) < 24 b are found at 95% CL, corresponding to ~120 and ~750 times
the expectation from the SM, respectively. Figures 4(a) and 4(b) show the 95% CL upper limits for
a heavy narrow resonance decaying to two light Higgs bosons in the yybb and yyWW* channels,
respectively.

4. Future prospects

While the searches presented have not shown any sign of di-Higgs production, they only
use a fraction of the available data collected by the ATLAS experiment. Furthermore, the high-
luminosity LHC upgrade is expected to increase the current dataset size by roughly two orders
of magnitude. Estimates of the achievable sensitivity in the bbbb and yybb channels have re-
cently been performed [6, 7]. Figure 5 shows a projection of the expected 95% CL upper limit on
o (pp — hh— bbbb) as a function of the Higgs boson self coupling parameter under the assumption
of negligible impact from systematic uncertainties. This study indicates a projected upper limit of
~1.5 times the SM. Figure 5(b) compares cross section upper limits as a function of the integrated
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Figure 4: Upper limits at 95% CL on the production cross section times branching fraction for a heavy
narrow resonance decaying to two light Higgs bosons in the (a) yybb and (b) yyWW* channels [4, 5].
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Figure 5: Projected 95% CL upper limits on di-Higgs production in the bbbb channel as a function of (a)
the Higgs boson self coupling parameter and (b) the integrated luminosity [6].

luminosity in a scenario with no systematic uncertainties to a scenario including the current level
of systematic uncertainties, highlighting the importance of reducing systematic uncertainties in the
future. While the projected sensitivity of any individual channel alone is not enough to observe SM
di-Higgs production, the bbbb, yybb and bbttT channels each have similar projected sensitivities
and the prospect of a combination is promising for an eventual observation at the LHC.
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