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Massless dark photons are predicted in hidden-sector models with an unbroken dark U(1) gauge
symmetry. A particular class of these models, aiming to solve both the Yukawa-hierarchy and the
dark-matter problems of the standard model, manifests natural Higgs nondecoupling properties
for the dark photon. As a consequence, we show that the Higgs-boson production at colliders fol-
lowed by the Higgs decay into a photon and a dark photon provides a very promising dark-photon
production mechanism. This decay gives rise to an unconventional Higgs signature characterized
by a resonating gamma-plus-missing-momentum system with a monochromatic photon. We dis-
cuss the sensitivity of the LHC to the corresponding signal for a Higgs boson produced in both
gluon-fusion and vector-boson-fusion channels.
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1. Introduction

Most theoretical models introduced to solve the hierarchy problem of the Higgs scalar field
in the standard model (SM) of particle interactions would require the observation of some hints
of inconsistency and/or new physical states in collisions at the TeV energy scale. Despite that, in
the first few years of running at 7, 8 and 13 TeV, the CERN Large Hadron Collider (LHC) has
explored collisions at the TeV scale in many many different channels, and found up to now a global
picture of consistency with the SM. While the predictions of the most popular beyond-the-standard-
model (BSM) models are being thoroughly scrutinized, and are presently sort of late in showing up,
one should try to have a coverage as extensive as possible of new non-conventional experimental
signatures in order to make the search for either new particles or inconsistencies (or both) as model
independent as possible.

The class of models containing hidden (or dark) sectors (where hidden/dark means made up of
fields uncharged under the SM gauge group) can indeed provide new signatures not yet covered by
present searches. When including a dark U(1) gauge group, the dark sector predicts the existence
of a dark photon. The way the dark photon can show up in experiments depends on its mass (in
case the extra U(1) is broken), coupling and hidden-sector structure. Most attention in collider
physics has been given up to now to the case of massive dark photons (see e.g. [1]), where the U(1)
gauge field naturally develops a tree-level interaction with ordinary matter mediated by kinetic-
mixing. In case the dark photon is massless the latter interaction can be rotated away [2, 3].
The dark-photon interaction with ordinary matter occurs then via higher-order operators, and is
suppressed by typically large new-physics energy scales. Correspondingly, the search for massless
dark photons must proceed via different phenomenological strategies with respect to the massive
case.

We consider a particular class of hidden sectors, described in [4], that aims to explain the
hierarchy in the Yukawa couplings of fermions in the SM, and, at the same time, can provide
realistic dark-matter candidates. In this class of models, a nonperturbative mechanism involving
a dark unbroken U(1) gauge symmetry generates an exponential hierarchy in the dark-fermion
mass spectrum, that is in turn transmitted to the ordinary-fermion mass spectrum via a messenger
sector. Dark fermions are only charged under the dark U(1) [with an integer-charge sequence],
and might be natural dark-matter candidates. While the predicted massless dark photon ¥ has
in general suppressed interactions with the ordinary matter, for typical values of the charges and
mixing parameters of the model the Higgs boson can enter in a nondecoupling regime. Then, the
one-loop interaction with the dark photon (mediated by the messengers) is not suppressed by a large
energy scale but by just the Higgs-boson field vacuum expectation value v [5, 6]. This regime gives
rise to new peculiar signatures in the Higgs decays that could be observed in Higgs production at
high-energy collisions. In the following, we will consider the corresponding phenomenology at the
LHC.

2. Higgs decay into massless dark photons

The new Higgs boson decay channels involving a massless dark photon are H — vy, Z7, 77 [3].
In a nondecoupling regime, they can have sizeble rates [5]. The signature of a massless dark photon
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Figure 1: Effective Hyy (HZ7) interaction described as the low energy approximation of a one-loop diagram
mediated by heavy messengers S; [6].

in collider experiments will be the same as the neutrino one, thanks to the suppressed interaction
with ordinary matter, and to its massless nature. The Higgs decay into two dark photons will then
affect the Higgs invisible decay width. Here we consider the single dark photon Higgs signature,
as detailed in Figure 1, where the effective Hyy (HZY) interaction is described as the low energy
approximation of a one-loop diagram mediated by heavy messengers S;. We focus in particular on
the H — 7YY channel giving rise to a resonating gamma-plus-missing-momentum signature, char-
acterized by one monochromatic photon with energy my /2, and same amount of missing energy.
Note that the photon energy is more than twice the one in the resonance corresponding to the rare
SM decay H — yZ — yvVv. While a quantitative prediction for the H — Yy decay width will be
in general dependent on quite a few model parameters, in a simplified-model analysis [5] one can
obtain typical allowed ranges which correspond to branching ratios (BRs) up to about 5%. This is
shown in Figure 2 [5], where BR(H — 7v7) is plotted versus the dark U(1) fine structure constant &
(details on the model assumed and on the definition of relevant input parameters can be found
in [5]). Such large BR(H — YY) might indeed lead to an observable signal in Higgs production at
the LHC, as discussed in the next section.
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Figure 2: BR(H — y¥) versus the dark U(1) fine structure constant &. The black solid lines show the
allowed BR ranges as a function of the relative new physics contribution to the H — yy width, and of the
H — Y contribution to the Higgs invisible BR [5].

3. Dark-photon production via Higgs production at the LHC

In [5] the potential of the Run-1 dataset at the LHC has been studied at parton level by consid-
ering the gluon fusion process gg — H — Y7 at the c.m. proton energy of 8 TeV with 20 fb~! of
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integrated luminosity. It is particularly informative to look at a comparison of the distribution of the

missing transverse mass Mr = \/ Zp;EW“(l —cosAg) of the resonating y¥ system in the Higgs

signal (where A¢ is the azimuthal distance between the photon and dark-photon three momenta)

and of the main irreducible and reducible backgrounds, as shown in Figure 3 [5]. In that figure, the
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Figure 3: Distribution of the y¥ transverse invariant mass assuming BR(H — y¥) ~ 0.5% (red) compared
to the main irreducible and reducible backgrounds, as from [5].

¥+ EsS transverse invariant mass distribution (in fb/GeV) of the signal for BR(H — y7) = 5%
(shown in red) is compared with: i) the yj channel (grey) [where large apparent EJ' is created by
a combination of real EX**** from neutrinos in heavy quark decays and mismeasured jet energy]; i)
the yZ — yvV channel (blue); iii) jZ — jvV (green), where the jet is misidentified as a photon;
and iiii) W — ev (yellow), where the electron (positron) is misidentified as a photon. The resonant
structure of the signal emerges clearly from the background. The definition of the relevant basic
objects, corresponding cut-flows, and detection efficiencies applied in Figure 3 are described in [5].
With a parton-level event-generator analysis, one finds that a 5 o discovery can be reached with the
existing 8 TeV LHC data-set down to BR(H — y¥) ~ 0.5% [5].

An improved analysis (including parton shower effects, and a more realistic background sim-
ulation) essentially confirms this estimate for the Run-1 potential [7]. When increasing the LHC
collision energy up to /s = 14 TeV, beyond the gluon fusion channel also the vector-boson-fusion
Higgs production channel deserves to be considered. A thorough analysis of the two channels
with a comparison with the corresponding backgrounds at 14 TeV has been carried out in [7].
In Table 1, one can find the LHC sensitivity to BR(H — 7y¥) for different integrated luminosi-
ties in the two channels. One can see that the gluon-fusion process at 14 TeV considerably
extends the Run-1 potential, and turns out to be about one order of magnitude more sensitive
than the vector-boson-fusion channel. In particular, for an integrated luminosity of 100 (300)
fb~! at 14 TeV, the signal significance S/+/S+ B for the gluon-fusion channel approaches the
50 level at BRyy =BR(H — 7¥) ~ 1.6 (0.9) x 1073, At the High-Luminosity LHC, with an in-
tegrated luminosity of 3 ab~!, the 50 reach is extended down to BRyy ~ 2.9 x 1074, On the
other hand, in absence of any signal observation, a 95% C.L. exclusion bound could be set at
BRyy > (6.4,3.7,1.2) x 10~4, with (100, 300, 3000) fb~! of integrated luminosity, respectively.

Of course detailed detector-level studies will be needed to draw realistic conclusions on the
LHC sensitivity to the new striking signature of a single monochromatic photon resonating with
missing momentum that is associated to the Higgs decay into massless dark photons.
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BR,y (%) | L=100 fb~' | L=300fb"! L=3ab~!
Significance 20 50 20 5o 20 50
BRy,(VBF) | 076 19 | 043 1.1 | 014 034
BRyy(ggF) | 0.064 0.16 | 0.037 0.092 | 0.012 0.029

Table 1: Reach in BR(H — ¥¥) (in percentage) for a 95% C.L. exclusion and a 5o discovery at the 14
TeV LHC, for a Higgs produced either in the VBF or in the gluon-fusion channels, for different integrated
luminosities L.

Finally, it should be stressed that, apart from LHC, other collider setups, like e*e™ colliders
or fixed-target experiments, can also be invaluable to look for footprints of a massless dark photon
in high-energy collisions [6],[8]-[10].
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