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3.4.3 Searching for dark photons via Higgs-boson production at the HL- and HE-LHC
Contributors: S. Biswas, E. Gabrielli, M. Heikinheimo, B. Mele

The dark-sector scenario proposed in Ref. [312,313] is studied in this section. It aims at naturally
solving the Flavour hierarchy problem, while providing suitable candidates for DM constituents. In
particular, the scenario envisages the existence of stable dark-fermion fields, acting as DM particles, and
heavy messenger scalar fields that communicate the interactions between the dark and the SM sectors.
Both dark fermions and messenger fields are charged under an unbroken U(1) interaction in the dark
sector, whose non-perturbative dynamics are responsible for an exponential hierarchy in the dark fermion
spectrum. Consequently, exponentially spread Yukawa couplings are radiatively generated by the dark
sector, thus naturally solving the Flavour hierarchy problem.

A crucial aspect of this flavour model is that it foresees the existence of a massless dark photon.
Until recently, most attention in collider physics has been given to the search for massive dark photons,
whose U(1) gauge field can naturally develop a tree-level millicharge coupling with ordinary matter
fields. On the contrary, strictly massless dark photons, although very appealing from the theoretical
point of view, in general lack tree-level couplings to SM fields. Indeed, the latter (even if induced, for
instance, by a kinetic mixing with the ordinary photon field) can be rotated away, and reabsorbed in the
gauge- and matter-field redefinition [314]. Nevertheless, thanks to the messenger fields, massless dark
photons can develop higher-dimensional effective interactions with the SM fields which are suppressed
by the effective scale controlling the corresponding higher-dimensional-operator coupling. Then, new
dedicated search strategies for the massless dark photons are required with respect to the massive case.

The Higgs boson could play a crucial role in the discovery of massless dark photons at the LHC. As
discussed in Ref. [315], by using as a benchmark the model in Ref. [312], an effective Hγγ̄ interaction
can be generated at one loop by the exchange of virtual messenger fields in the 3-point loop function. This
interaction can be parametrised as LHγγ̄ = 1

ΛHγγ̄
HF µνF̄µν , where F µν and F̄µν are the field strength of

the photon γ and the dark photon γ̄, respectively [315]. While in general the higher-dimensional dark-
photon interactions with the SM fields are suppressed, in the present case the Higgs boson can enter a
nondecoupling regime in particular model parameter regions, just as happens in the SM for the Higgs
couplings to two photons or gluons in the large top-quark mass limit. The effective high-energy scale
ΛHγγ̄ will then be proportional to the EW Higgs VEV v, rather than the characteristic new-physics mass
scale. In particular, it will be given by

ΛHγγ̄ =
6πv

R√ααD

1 − ξ
ξ2 (3.4.1)

where ξ = ∆/m̄2 is a mixing parameter, with ∆ the left-right mixing term in the messenger square-mass
matrix, m̄ is the average messenger mass, α and αD the electromagnetic and the dark U(1) fine structure
couplings, respectively, while R is a product of quantum charges [316].

This regime can give rise to an exotic signature corresponding to the Higgs decay

H → γγ̄,

given by a monochromatic photon plus massless missing momentum (both resonating at the Higgs boson
mass) with BRs Bγγ̄ as large as a few percent. Below we report the results of a study of the LHC searches
for this decay signature in gluon-fusion Higgs production in both the HL- and HE-LHC phases, assuming
that Bγγ̄ is the only parameter that affects the corresponding production mechanism.

The search strategy for the gg → H → γγ̄ process was outlined in Ref. [315] for 8 TeV and in
Ref. [317] for 14 TeV, where we also discussed the vector-boson-fusion process. The final state consists
of a single photon and missing transverse momentum, possibly accompanied by one or more jets arising
from initial state radiation. The event selection criteria proposed in Ref. [317] were:

– one isolated (∆R > 0.4) photon with pγ
T > 50 GeV, and |ηγ | < 1.44;
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σ × A [14 TeV] σ × A [27 TeV]
H →γγ̄ (Bγγ̄ = 1%) 101 236

γj 202 –
jj → γj 432 4738
e → γ 93 169

W (→!ν)γ 123 239
Z(→νν)γ 283 509

total background 1133 5655

Table 3.4.2: Event yields in femtobarn for signal and backgrounds after the cuts pγ
T > 50 GeV, /ET > 50 GeV,

100 GeV < Mγγ̄
T < 130 GeV. The γj and jj backgrounds are obtained via the rescaling k-factors described in

the text. A is the acceptance described in the text.

– missing transverse momentum satisfying /ET > 50 GeV;
– transverse mass in the range 100 GeV < Mγγ̄

T < 130 GeV;
– no isolated leptons within |η!| < 2.5,

where the transverse-mass variable is defined as Mγγ̄
T =

√
2pγ

T /ET (1 − cos ∆φ), and ∆φ is the az-
imuthal distance between the photon transverse momentum pγ

T , and the missing transverse momentum
/ET .

The most important SM backgrounds are: (i) γj, where missing energy is created from mismea-
surement of the jet energy and/or neutrinos from heavy flavour decays, and (ii) jj where in addition to
the above, a central jet is misidentified as a photon. In our analysis we assume a probability of 0.1% for
mis-tagging a jet as a photon, and a 90% reconstruction efficiency for real photons. In addition to the
QCD backgrounds, we identify the following EW backgrounds: Zγ, where the Z decays into neutrinos;
W γ, where the W decays leptonically (excluding taus) and the charged lepton is outside the acceptance
of |η!| < 2.5; and W → eν, where the electron is misidentified as a photon. We also assume a 0.5%
probability for the electron to photon mis-tagging.

We have analysed the EW backgrounds at parton level with MADGRAPH 5 V2.3.3. For the
QCD backgrounds we use MADGRAPH 5 interfaced with PYTHIA, and follow the procedure outlined in
Ref. [317]. In particular, we have generated event samples at 8 TeV and applied the SUSY benchmark
event selection criteria described in the CMS analysis [318], not including the "χ2", "Emiss

T significance"
and "α" cuts. With these omissions, the event selection criteria is very similar to our selection criteria
described above. We then approximate the effect of these further, more sophisticated cuts on the QCD
backgrounds, by matching our event samples with the background yield after these cuts reported in
Ref. [318]. This results in a rescaling k-factor of k = 0.11 for the γj background, and k = 0.058 for the
jj background at 8 TeV. Finally, we have generated the signal event samples with ALPGEN interfaced
with PYTHIA, and included the gluon fusion Higgs production processes with zero to one jets.

Assuming the same rescaling factors for the QCD backgrounds at 14 and 27 TeV, we obtain the
signal and background event yields reported in Table 3.4.2, clearly showing a worsening of the signal-
to-background ratio at larger energies.

We then tried an alternative strategy to control the QCD background, by analysing the effect of
applying a jet veto within |ηj | < 4.5, where a jet is defined as a cluster of hadrons within a cone of
size R = 0.4 and pT ≥ 20 GeV, using a simple cone algorithm. In this case we no longer apply the
rescaling k-factors obtained from our previous analysis, as now the cut-flow deviates from the CMS
analysis presented in Ref. [318]. The resulting event yields are shown in Table 3.4.3. Based on the event
yields reported in Tables 3.4.2 and 3.4.3, we estimate the reach of the HL-LHC and HE-LHC in terms of
the BR of the decay mode H → γγ̄ as shown in Table 3.4.4. On the basis of the present analysis, a quite
good potential for HL-LHC is expected, that would allow for a (5σ) discovery reach on the corresponding
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σ × A [14 TeV] σ × A [27 TeV]
H →γγ̄ (Bγγ̄ = 1%) 66.6 139.1

γj – –
jj → γj 886 31235
e → γ 93 169

W (→!ν)γ 123 239
Z(→νν)γ 283 509

total background 1385 32153

Table 3.4.3: Event yields in femtobarn for signal and backgrounds after the cuts pγ
T > 50 GeV, /ET > 50 GeV,

100 GeV < Mγγ̄
T < 130 GeV, and jet veto within |ηj | < 4.5. A is the acceptance described in the text.

Bγγ̄(%) 3 ab−1@14 TeV 15 ab−1@27 TeV
significance 2σ 5σ 2σ 5σ

CMS inspired 0.012 0.030 0.0052 0.013
jet veto in |ηj | < 4.5 0.020 0.051 0.021 0.053

Table 3.4.4: Discovery (5σ) and exclusion (2σ) reach for the H → γγ̄ BR (in %) at the HL-LHC and HE-LHC.

Bγγ̄ down to 3×10−4, for 3 ab−1 of integrated luminosity, provided the CMS inspired analysis of the jj
background can be reliably applied in this case. Same conclusions hold for the HE-LHC project, where
a 1 × 10−4 (5σ) discovery reach can be achieved, for 15 ab−1of expected luminosity, assuming that the
CMS inspired analysis of the jj background is still reliable at 27 TeV. On the other hand, if a jet veto
in |ηj < 4.5| is applied instead, lower sensitivities on Bγγ̄ can be obtained, leading to discovery just for
Bγγ̄ down to 5 × 10−4 at both HL-LHC and HE-LHC facilities.

We nevertheless think that a more realistic detector simulation and optimisation strategy would be
needed in order to make the present reach estimates more robust. In Ref. [317], one can also find a study
of the vector-boson-fusion channel sensitivity to Bγγ̄ at 14 TeV.
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