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Summary. — The dark photon is predicted to be the gauge boson of an addi-
tional U(1) group of a hypothetical dark sector in some BSM theories. This analysis
searches for the dark photon, in the research channel where the Higgs boson decays
into a photon and a dark photon, that manifests in the detector as missing transverse
momentum. Data collected during the Run 3 of the LHC by the ATLAS detector
are used. The analysis focuses on the gluon fusion channel, still unexplored; for this
purpose, a dedicated trigger algorithm has been developed, based on 3 variables:
transverse momentum of the photon, transverse mass and missing transverse mo-
mentum. The Signal Region (SR) is optimised so to improve the sensitivity of the
analysis and to reduce the contribution of experimental background, to which many
different SM processes contribute, such as W~ and Z+, and processes where an elec-
tron or a jet is mis-reconstructed as a photon. Data-driven techniques to estimate
the background processes have been developed specifically for this analysis, using
background-enriched Control Regions (CRs). Finally, a simultaneous fit in SR and
CRs is performed to extract an upper limit on the Branching Ratio of the H — 74
decay.

1. — The Dark Matter problem

The Dark Matter (DM) problem is a fundamental topic in astrophysics and particle
physics, corroborated by numerous cosmological evidences and gravitational effects [1]
[2] that show the incompleteness of the Standard Model (SM). According to Cosmic
Microwave Background (CMB) measurements [3], the DM constitutes ~ 27% of the
total Universe matter and energy density.

An appealing scenario [4] predicts DM to be part of a dark sector, made of many
different “dark particles” with their own gauge interactions. In this framework, there
should also be a “dark” equivalent of the photon, the dark photon 74 [5,6], the boson of
an additional U(1)4 symmetry group.

The dark and visible sectors may weakly interact through a “portal”, offering a poten-
tial experimental signature that could be revealed at the Large Hadron Collider (LHC).

One of the possible discovery channels for dark photons at the LHC is the Higgs decay
into a photon and a dark photon (H — ~74). The massless dark photon could couple to
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Fig. 1. — Higgs boson decay into a photon and a dark photon could be mediated by a loop of
messenger fields S;.

the Higgs boson through a loop of messenger fields (fig. 1). In a detector such as ATLAS
[7], the characteristic signature of such a decay would be a final state with a photon and
missing transverse momentum p*s. This quantity takes into account the momentum
imbalance in the transverse plane, due to the presence of undetectable particles, such as

neutrinos or weakly interacting Beyond Standard Model (BSM) particles.

2. — State of the art

The H — 74 analysis is part of a rich program in the ATLAS Collaboration focusing
on BSM searches. During Run 2 data taking (2015-2018), the only Higgs production
channels that could be studied were the Higgs associated production to a Z boson (ZH)
and the Higgs production via Vector Boson Fusion (VBF).

In the ZH channel, the final state is characterized by 1 photon 7, p7¥*¢ due to the
undetectable 74, and 2 same-flavour opposite-sign leptons (I € {e, 1}), from the decay of
the Z boson. Events were selected with single-lepton and dilepton triggers [8,9]. Results
of this analysis have been published in 2023 [10]; as no excess with respect to the SM
prediction has been observed, an upper limit on the branching ratio BR(H — ~74) has
been set at 2.28% at 95% CL.

In the V BF channel, the final state is characterized by two forward hadronic jets and
piss. Events were selected with the p7*¥*¢ trigger [11] and an offline selection requiring
pss > 150 GeV.

The results of the ZH and V BF analyses have been then combined, in order to get
the best observed (expected) exclusion limit on the BR(H — ~vy4) [12], set at 1.3%
(1.5%) for the SM Higgs boson. The combination is allowed by the orthogonality of the
two analysis selections, since V BF search vetoes leptons, while ZH search requires 2
leptons.

3. — Run 3 analysis

The Run 3 analysis targets the gluon fusion channel g9 — H (fig. 2), the one with
the highest cross-section for Higgs boson production (48.58 pb at 13 TeV, to be compared
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Fig. 2. — Higgs production via gluon fusion diagram.
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Fig. 3. — Tight and loose + isolation distributions in Monte Carlo. A L. —T transformation is
extracted from MC and then adapted to data.

with the VBF channel, 3.78 pb, and the ZH channel, 0.88 pb [13]). A dedicated com-
posite trigger has been developed to target this channel, requiring three cuts: missing
transverse momentum higher than 70 GeV, a tight photon with transverse momentum
higher than 50 GeV, and transverse mass my between the photon and the missing trans-
verse momentum higher than 80 GeV.

Moreover, a list of cuts on discriminant variables has been optimised in order to
increase the sensitivity to the signal, thus defining a Signal Region.

Furthermore, a BDT has been optimised in order to distinguish well-reconstructed
and wrongly-reconstructed vertices. Indeed, the presence of a highly energetic photon in
the final state, together with missing transverse momentum, results in having low track
activity in the final state, thus increasing the probability to pick the wrong primary
vertex. A cut on the BDT score allows to recover almost a 100% vertex identification
purity for both signal and backgrounds in Signal Region.

4. — Estimation of backgrounds

The Signal Region (SR) is populated by a sizeable background from several Standard
Model processes.

Z(— vv)y events, where both the photon and the pi*** are genuine, represent the
irreducible background for the gg — H — ~74 analysis, while the main reducible back-
grounds are y+jets, multijets, Z+jets, W+jets and W~ events. The latter process con-
tributes to the background when the W boson decays to a lepton and a neutrino and
the lepton is out of the detector acceptance. Background processes are estimated using
different data-driven techniques in proper Control Regions (CRs); Monte Carlo (MC)
simulations cannot indeed be fully trusted as the simulation may not be accurate enough
in the kinematic regions explored in this search. CRs are constructed inverting one of the
cuts defining the SR, e.g., the number of leptons or the photon isolation cut, to guarantee
the orthogonality with the SR.

Z(— vv)y and Wy MC samples in SR are normalized using k-factors extracted in
leptonic CRs, required to contain 2 or 1 muon respectively. In such CRs, muons are
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treated as invisible when computing p7***¢ and its related variables, so that the kinematics
of the 1u CR is as similar as possible to that of the SR. K-factors accounting for possible
mis-modelling of the cross-sections are calculated from the comparison of data and MC
simulations in each bin of transverse mass, the discriminant variable that will be used in
the likelihood fit.

Multijets, Z+jets and W-+jets enter the category of the “jets faking photons” back-
ground, i.e., hadronic jets mis-reconstructed as photons. The estimation is done by
means of a Non-Isolated CR enriched in jet faking photons, where the photon is required
to be not-isolated in the calorimeter. A new data-driven technique that exploit photon
isolation as a discriminant between true and fake photons has been developed in order
to estimate this background. The photon isolation variable is described by the energy
in a cone surrounding the photon divided by the photon energy. Genuine photons are
expected to be more isolated than fake photons, that tend to be produced inside hadronic
jets, therefore in an environment affected by surrounding hadronic activity. The fake ~y
isolation distributions have been used to calculate fake factors (eq. 1) as ratios between
yields in Isolated and Non-Isolated Regions (fig. 4), later applied to the Non-Isolated
CR to obtain the background yield in SR.

Nz_'sol
) f- (m l)
N on—iso
I~ tight

In order to compute the ratio in eq.1, the isolation distribution of fake tight photons
in data is needed. Isolation is indeed typically not well modelled by MC simulations for
jets faking photons. As this isolation distribution is unknown (in data it is not possible
to distinguish true and fake photons), a new extrapolation method has been developed
in order to extract it. The key idea of the extrapolation method is that the tight fake
photons isolation distribution can be obtained from the isolation distribution of another
sample of photons not passing the "tight” identification - called "loose” photons. Some
assumptions are made: loose photons in data are mostly fake; the transformation (L
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Fig. 4. — Extrapolated fake photons isolation distribution; the Isolated and Non-Isolated
Regions used for fake factors calculation are highlighted.
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TABLE 1. — Normalization factors for Z(— vv)y and W~ backgrounds extracted from the fit.

my bin [GeV] | kw | Error up | Error down
80-110 | 0.71 | 0.14 | —0.11
110-140 | 0.69 | 0.12 | ~0.10
140-200 | 0.80 | 0.14 | -0.11
200-300 | 111 | 0.17 | —0.15
mr bin [GeV] ‘ kz ‘ Error up ‘ Error down
Inclusive | 0.77 | 0.18 | —0.16
TABLE II. — Ezpected upper limit on BR(H — yva4) at 95% CL.
‘ -20 ‘ -lo ‘ Median ‘ lo ‘ 20
Expected limit ‘ 0.0103 ‘ 0.0140 ‘ 0.0196 ‘ 0.0278 ‘ 0.0384

—T) that links tight and loose distributions (fig. 3) in MC is an affine transformation
and it is related to the one that links tight and loose distributions in data ("L —T7).

Electrons faking photons backgrounds, with contributions from Z-+jets and W+jets
events, can enter the SR when prompt electrons are wrongly reconstructed and identified
as photons, since their energy deposits in the electromagnetic calorimeter are very similar.
This background category yield is estimated applying an electron-to-photon fake rate to
events in a Probe-Electron CR, where 1 electron is required instead of 1 photon. The
fake rate is computed using the Z — ete™ process, counting the events reconstructed as
~ve pairs with an invariant mass compatible with the Z boson mass.

5. — Statistical analysis

The statistical analysis is performed with a simultaneous fit in SR and CRs. In the
following plots, the results of a blind fit in SR are shown. Data-driven estimations of jets
faking photons and electrons faking photons backgrounds are included. The fit takes into
consideration the systematic uncertainties on both data-driven fake photons estimations,
and an arbitrary 10% flat systematic, applied to all other backgrounds so to mimic the
foreseen effects of the experimental and theoretical uncertainties that will be included
later.

Electrons faking photons are the dominant background in SR, followed by jets faking
photons.

The expected upper limit on BR(H — 74) in this configuration is 1.96% (table II).

The plots in fig. 5 show the pre- and post-fit mp distributions in SR, 1uCR and
2uCR. Using a binned ky results in having a data/background ratio exactly equal to 1
in each bin, while an inclusive k7 provides a less stable ratio, but still equal to 1 within
lo. The values of the k-factors and their related statistical uncertainties are listed in
table I.
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Fig. 5. — Pre-fit and post-fit distributions in SR and CRs.

Nexts steps will be to include theoretical and experimental systematic uncertainties
in the fit and combine the Run 3 result with the Run2 results obtained from VBF and
ZH channels.
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