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1 Introduction

The discovery of the Higgs boson [1, 2] at the CERN LHC has initiated a large-scale
research program that is aiming to determine the Higgs boson properties, its interactions
with all Standard Model particles and with itself, as well as the dynamics of the Higgs
sector of electroweak symmetry breaking in the Standard Model. This program proceeds
mainly through the study of multiple Higgs boson productions processes and decay modes,
which are becoming increasingly accessible with the accumulation of the LHC data set.

Among the different Higgs boson decay modes, the final state containing a lepton-
antilepton pair and an identified photon, H → l+l−γ, has several peculiar features. Its
tree-level contribution arises from the Yukawa coupling between the Higgs boson to the
leptons. Owing to the smallness of the electron and muon Yukawa couplings, this con-
tribution is highly suppressed, and the dominant processes leading to H → e+e−γ and
H → µ+µ−γ final states is the loop-mediated coupling of the Higgs boson to the lepton
pair and the photon. The amplitudes for this process involve the decay of the Higgs boson
into an electroweak gauge boson Z/γ∗ and a photon [3–5], as well as box contributions with
a non-resonant coupling to the lepton pair [6]. Provided the lepton mass can be neglected,
the amplitude for this loop-induced process does not interfere with the Yukawa-induced
tree-level amplitude. By selecting specific ranges in lepton pair invariant mass, the resonant
Z/γ∗ contribution can be strongly enhanced, while the numerical effect of the box contri-
butions becomes negligible. Given these restrictions, it is not sensible to define a branching
fraction for H → Zγ or H → γ∗γ as a pseudo-observable in the Higgs sector. Instead, the
fully differential three-body decay H → l+l−γ should be studied over its phase space in the
Higgs rest frame (Dalitz decay) [7], applying dedicated cuts on invariant masses or particle
energies to single out or enhance particular contributions of physics interest [8–10].

This is precisely what is being done in two recent ATLAS studies [11, 12] that consider
both high-mass (resonant-Z) and low-mass ranges in the lepton pair invariant mass, with
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the resonant-Z region receiving an enhanced contribution from H → Zγ decays and the
low-mass region being dominated by H → γ∗γ decays.

Next-to-leading order (NLO) QCD corrections to the H → l+l−γ decay mode affect
only the top-quark loop contribution to the amplitude and are found to be moderate [13–
15]. Higher-order QCD corrections are much more sizeable for the dominant Higgs boson
production mode, gluon fusion. For the H → l+l−γ decay mode, these have up to now
been considered in a fully differential manner up to NLO, as part of the MCFM code [16,
17]. Fixed-order QCD corrections were computed up to N3LO [18–21] for Higgs boson
production in gluon fusion and up to NNLO [22–26] for Higgs-boson-plus-jet production.
These calculations are now being combined with the dominant decay modes (γγ, 4l, 2l2ν)
to yield fully exclusive final states accurate to these orders [27–33].

In the present paper, we investigate the impact of NNLO QCD corrections on fiducial
cross sections related to H → l+l−γ final states. Our predictions are obtained by including
this decay mode in our earlier NNLO calculations for Higgs production and Higgs-plus-jet
production in gluon fusion, as described in section 2. Numerical results are presented in
section 3 for the H → l+l−γ decay mode, focusing on the fiducial regions defined by the
ATLAS studies [11, 12]. While the corrections are uniform in many of the kinematical
variables, we observe perturbative instabilities in selected distributions. These could po-
tentially be eased by including resummation corrections or by modifications to the fiducial
cuts, which we discuss in section 4.

2 Setup

The recent ATLAS studies [11, 12] of the H → l+l−γ decay at the 13TeV LHC provided
evidence for this decay mode in the range of low invariant masses of the di-lepton system.
Our numerical investigation of higher-order QCD effects on the fiducial cross sections in
this decay mode aims to reproduce the kinematical setup of the ATLAS physics analysis.

Due to the scalar nature of the Higgs boson, its production and decay fully factorise.
Using the narrow-width approximation for the Higgs propagator, we combine the dominant
Higgs boson production process, gluon fusion, with the Higgs H → l+l−γ decay matrix ele-
ments. The gluon-fusion production matrix elements are calculated with the assumption of
five massless quark flavours and an infinitely heavy top quark with effective ggH coupling
(HTL) [34–36]. QCD corrections up to NNLO are computed for Higgs production and
Higgs-plus-jet production using the NNLOJET framework, which is based on the antenna
subtraction method [37–39], closely following our earlier work for other Higgs boson decay
modes [24, 31]. The H → l+l−γ decay is described using leading-order matrix elements
from loop-induced (closed quark and W boson loops) contribution of (Z/γ∗) + γ produc-
tion [3–5]. The same-flavour-opposite-sign (SFOS) lepton pair is the decay product from
the Z/γ∗. We only consider massless e± and µ± in the final state throughout this paper.
The implementation of H → l+l−γ in NNLOJET is validated for Born-level predictions
with up to three jets with MCFM [16, 17].

The ATLAS studies [11, 12] consider fiducial cross sections for SFOS lepton pairs in
two lepton-pair invariant mass ranges, named ‘low-mass’ and ‘resonant-Z’. The fiducial
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Fiducial variables Low-mass region Resonant-Z region
ml+l− (GeV) [0.21, 30] [81.2, 101.2]
me+e− veto (GeV) [2.5, 3.5], [8, 11] —
mµ+µ− veto (GeV) [2.9, 3.3], [9.1, 10.6] —
ml+l−γ (GeV) 125 125
pγT (GeV) > 37.5 > 15
|yγ | < 2.37 < 2.37
pl

+l−

T (GeV) > 37.5 —
1st lepton pe1(µ1)

T (GeV) > 13 (11) > 10
2nd lepton pe2(µ2)

T (GeV) > 4.5 (3) > 10
|ηe(µ)| < 2.47(2.7) < 2.47(2.7)
∆R(l±, γ) > 0.4 > 0.3

Table 1. Fiducial selection criteria of H → l+l−γ final states inspired by ATLAS analysis for near
on-shell Z boson mass region [11] and low-mass region [12].

selection criteria are summarised in table 1. To avoid the divergent on-shell photon pole in
the low-mass region, a minimum pair invariant mass of ml+l− of 210MeV is required. In
addition, ml+l− veto regions to eliminate background contributions of decay products from
J/ψ and Υ mesons are defined. Owing to the different resolution in the reconstruction
of electrons and muons, the size of these veto regions depends on the lepton flavour. To
study the impact of fiducial selection criteria in table 1, we define acceptance factors as the
ratio of the fiducial cross sections divided by the cross sections for inclusive H → l+l−γ

production (identical for e+e− and µ+µ− channels) in the low-mass or resonant-Z region.
These inclusive H → l+l−γ production cross sections are obtained by only applying the
ml+l− cuts relevant to each mass region (first row of table 1), i.e. without any further cuts
on the lepton and photon momenta and no invariant mass vetoes.

The predictions are obtained using the Higgs boson parameters: mass mH = 125GeV,
decay width ΓH = 4.088 × 10−3 GeV [40] and vacuum expectation value v = 246.2GeV.
The top quark mass in the pole scheme is set to mt = 173.2GeV. We employ the Gµ scheme
for electroweak couplings with mZ = 91.19GeV, ΓZ = 2.495GeV and mW = 80.38GeV.
We use the NNPDF3.1 parton distribution functions (PDFs) at NNLO accuracy with the
value of αs(mZ) = 0.118 [41]. Note that we systematically use the same set of PDFs and
the same value of αs(mZ) for LO, NLO and NNLO predictions. The central factorisation
(µF ) and renormalisation (µR) scales are fixed to be mH/2. The theoretical uncertainty
is estimated by varying µF and µR independently by a factor of two while ignoring the
extreme combinations of µF /µR being 1/4 or 4. This is the so-called 7-point scale variation
and we present scale uncertainties by taking the envelope of the seven combinations.

Finite top quark mass effects in gluon fusion Higgs production are mandatory to obtain
reliable predictions for precision phenomenology. These are included by reweighting higher
order corrections obtained in the HTL approximation by the full top mass dependence at
leading order. This procedure has proven to be reliable at NLO [42–46], where the full top
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σ[fb]
Low-mass region Resonant-Z region

HTL HTL⊗SM Acceptance HTL HTL⊗SM Acceptance

H → e+e−γ @ LO 0.243+0.065
−0.046 0.259+0.069

−0.049 41.7% 0.425+0.114
−0.081 0.453+0.121

−0.086 56.3%

H → e+e−γ @ NLO 0.504+0.103
−0.079 0.537+0.109

−0.084 37.7% 0.976+0.221
−0.165 1.040+0.235

−0.175 56.3%

H → e+e−γ @ NNLO 0.636+0.059
−0.063 0.678+0.063

−0.068 37.7% 1.229+0.110
−0.124 1.310+0.117

−0.133 56.3%

H → µ+µ−γ @ LO 0.299+0.080
−0.057 0.319+0.085

−0.061 51.3% 0.451+0.121
−0.086 0.481+0.129

−0.091 59.8%

H → µ+µ−γ @ NLO 0.613+0.124
−0.096 0.653+0.132

−0.102 45.8% 1.034+0.233
−0.174 1.102+0.249

−0.186 59.7%

H → µ+µ−γ @ NNLO 0.774+0.072
−0.077 0.825+0.077

−0.082 45.9% 1.302+0.116
−0.132 1.387+0.124

−0.140 59.7%

Table 2. Fiducial total cross sections for H → e+e−γ and H → µ+µ−γ productions at the LHC
in the HTL reweighted by SM predictions with LO top quark mass effect. Predictions include up
to NNLO QCD correction from hadronic initial states. The upper and lower values correspond to
the envelope of 7-point scale variations.

mass dependence of the inclusive Higgs production cross section [47–49] and its transverse
momentum distribution [50–52] are known. In this paper, we adopt the multiplicative
reweighting strategy at histogram level using LO fiducial total and differential cross sec-
tions with finite top mass corrections. We label the reweighed HTL results as HTL⊗SM
following the procedure described in [24]. The scales are chosen identically between the
reweighting factor and the HTL predictions, i.e. in a fully correlated manner, in order to
ensure that HTL⊗SM results at LO exactly reproduce the LO predictions with full top
mass dependence.

3 Results

In this section, we present predictions for fiducial cross sections in the H → l+l−γ decay
channel at the LHC. We include up to NNLO QCD corrections for the gluon-fusion Higgs
production channel and correct multiplicatively for finite top mass effects at LO. Applying
the fiducial selection criteria listed in table 1, we compute the fiducial total and differential
cross sections for both low-mass and resonant-Z boson mass windows to determine the
signal yield and shape of distributions for the H → l+l−γ decay channel with final state
electrons or muons. We aim to provide theoretical benchmarks to increase the sensitivity
of the LHC data analysis and to prepare for the discovery of H → l+l−γ decay mode.

3.1 Fiducial total cross sections

The total cross sections with fiducial cuts are documented in table 2 for low-mass and
resonant-Z regions with up to NNLO QCD corrections in the HTL approximation. Adopt-
ing the reweighting procedure introduced above, finite top quark mass effects are ac-
counted for to LO accuracy for the HTL⊗SM predictions. We observe positive corrections
of about 6.6% after including top quark mass effects for both low-mass and resonant-
Z regions. The relative size of scale uncertainties remains the same between HTL and
HTL⊗SM predictions.
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For the H → e+e−γ channel, higher order QCD corrections to the gluon fusion process
result in an enhancement of the signal yield in the low-mass region by 107% at NLO and
a further 26% at NNLO. The scale uncertainty band decreases slightly from LO to NLO
and is reduced substantially to ±10% at NNLO. For the resonant-Z boson mass region,
we observe a larger enhancement of the signal yield at NLO (by 130%) and a further 26%
enhancement at NNLO. The NNLO scale uncertainty amounts to ±10% as in the low-mass
region. The signal yield in the resonant-Z region is about twice as large as in the low-mass
region. The acceptance factor for the low-mass region decreases from 41.7% at LO to 37.7%
at NLO and stabilizes at NNLO. This change in acceptance factor can be attributed to
the sensitivity of the lepton and photon transverse momentum distributions on higher
order QCD radiation, which will be discussed in more detail below. In the resonant-Z
region, the acceptance factors are independent of higher order QCD corrections, being
56.3% throughout at LO, NLO and NNLO.

For the H → µ+µ−γ channel, the fiducial selection criteria in table 1 yield a more
inclusive coverage of the final state phase space. Reducing the mass veto windows in
ml+l− and accepting muon pseudo-rapidities up to ±2.7 results in larger fiducial cross
sections. The enhancement of the fiducial cross sections from electrons to muons is more
prominent for the low-mass region, where it amounts (at NNLO HTL⊗SM accuracy) to
+22%, compared to +6% in the resonant-Z region. The relative size of the higher-order
QCD corrections and the associated uncertainties are very similar to the H → e+e−γ

channel. The acceptance factors of the H → µ+µ−γ channel are larger than for the
H → e+e−γ channel as expected, with the enhancement being more prominent for the
low-mass than in the resonant-Z region. We observe again that the acceptance factors
depend on the perturbative order only in the low-mass region.

The study of above fiducial total cross sections indicates that the signal yield between
low-mass and resonant-Z regions are of a comparable order of magnitude, and they receive
large and positive QCD corrections. The acceptance factors behave very differently between
low-mass and resonant-Z regions with sensitivity to the higher order QCD corrections only
in the low-mass region.

The dominant irreducible background for both mass regions is the ordinary continuum
Drell-Yan production with extra photon radiation. For the resonant-Z region, the signal
extraction is particularly challenging due to the expected low values of photon transverse
momentum. For Born-level kinematics and an on-shell Z-boson, the maximum photon
transverse momentum amounts to 29.2GeV, with higher values attained only if the Z-
boson or the Higgs boson is off its mass shell. Consequently, the ATLAS search in [11]
incorporated an improved photon identification efficiency in the pγT range of 10 to 35GeV.
For the low-mass region, on the contrary, a dedicated trigger is applied in [12] for pγT >

35GeV to reduce the continuum background. Without much loss of signal yield in the
low-mass region, it appears that an adequately large pγT cut is the key fiducial selection
criterion towards the discovery of H → l+l−γ channel. More details regarding the impact
of fiducial selection criteria will be discussed by examining fiducial differential cross sections
in the following.
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Figure 1. Fiducial invariant mass distribution of lepton pair in low-mass (upper) and resonant-Z
(lower) regions for electrons (left) and muons (right).

3.2 Fiducial differential cross sections

Measurements of differential cross sections for the H → l+l−γ decay channel at the LHC
are currently not available due to limited luminosity and large background contributions.
Nevertheless, theoretical predictions for fiducial differential cross sections for this channel
reveal kinematic information that could help the experimental analysis to define its signal
regions and to improve signal-to-background ratios. Based on the fiducial cuts listed in
table 1, we present some selected differential observables in this section and discuss the
impact of fiducial cuts on the size and shape of the distributions.

Figure 1 displays the invariant mass distributions of the SFOS lepton pair. The top
row presents the distribution in the low-mass region while the bottom row contains results
for the resonant-Z region. The left and right columns are for the electron and muon final
state leptons with different fiducial cuts listed in table 1. The peak of each distribution is
either near the on-shell photon or the Z boson pole. There are two gaps in the distribution
for the low-mass region due to the mass veto cuts to remove the resonant contributions from
J/ψ and Υ decay products. In the resonant-Z region, the slope of the ml+l− distribution
drops faster above the Z-pole than below. With similar distance from the on-shell Z boson
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Figure 2. Fiducial transverse momentum distribution of the final state photon in low-mass (upper)
and resonant-Z (lower) regions for electrons (left) and muons (right).

mass, the signal yield around 81.2GeV is about six times larger than the signal yield at
101.2GeV. This difference can be explained by the large ml+l− value competing with the
final state photon phase space while ml+l−γ is constrained by the Higgs boson mass. The
lower panel of each subfigure displays the ratio of the fixed order contributions to the
central value of the NLO HTL⊗SM prediction. It is found that the NNLO corrections
and their uncertainties are constant in ml+l− , reproducing the values observed for the total
fiducial cross sections given in table 2.

Transverse momentum distributions of the final state photon are summarized in fig-
ure 2. By examining the LO results, we see that the distribution is constrained within
the range between the minimum fiducial pγT cut and a maximal value determined by the
kinematical mass window. The maximum pγT could reach ∼ 65GeV in the low-mass range
while only extending up to ∼ 35GeV within the kinematic constraints for the resonant-Z
region. This phase space constraint is lifted when including higher order QCD corrections
due to initial state radiation, which transfers a transverse momentum recoil to the l+l−γ
system. We observe a further strong enhancement in the distribution from NLO to NNLO
by 80% just beyond the LO phase space edge due to the additional radiation allowed at
NNLO, which is accompanied by a large scale uncertainty even at NNLO. This Sudakov
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Figure 3. Transverse momentum distribution of the leading lepton in low-mass and Z boson
resonant regions.

shoulder effect [53] of large perturbative corrections at the edge of a Born-forbidden phase
space region is well-understood. This enhancement attenuates with increasing pγT , where
also a reduced scale uncertainty is observed. The scale variation band of the pγT distribution
starts to completely overlap with NLO above 100GeV for the resonant-Z region while the
same behaviour only happens above 160GeV for the low-mass region. The pγT distribution
peaks at 55GeV for the low-mass region while only at 25GeV for the resonant-Z region.
This distinct difference allows the experimental analysis to apply higher pγT cuts for the
low-mass region with small penalty on the signal yield. In the low-mass range, we do
moreover observe very large NNLO corrections in the lowest pγT bin. These are a result
of the symmetric cuts on pγT and pl+l−T , which lead to implicit constraints on the direction
of soft real radiation at NLO, which are overcome at NNLO, resulting in the observed
large corrections. Staged cuts on pγT and pl+l−T can circumvent this problem, and should be
applied in future experimental studies.

The transverse momentum distribution of the leading lepton in figure 3 shares many
similarities with the pγT distributions in figure 2. Phase space restrictions appear at LO and
constrain pl1T to be below 62.5GeV in both mass regions (corresponding to a kinematical
situation where the leading lepton recoils against the subleading lepton and the photon),

– 8 –



J
H
E
P
0
1
(
2
0
2
2
)
0
5
3

0.00

0.05

0.10

0.15

0.20

0.25
d

/d
yH

 [f
b]

NNLOJET s = 13 TeV

ml + l [0.21, 30] GeV

H e + e

LO SM
NLO HTL SM
NNLO HTL SM

2 1 0 1 2

yH

0.4

0.6

0.8

1.0

1.2

1.4

Ra
tio

 to
 

NL
O 

HT
L

SM

0.00

0.05

0.10

0.15

0.20

0.25

d
/d

yH
 [f

b]

NNLOJET s = 13 TeV

ml + l [0.21, 30] GeV

H +

LO SM
NLO HTL SM
NNLO HTL SM

2 1 0 1 2

yH

0.4

0.6

0.8

1.0

1.2

1.4

Ra
tio

 to
 

NL
O 

HT
L

SM

0.0

0.1

0.2

0.3

0.4

0.5

d
/d

yH
 [f

b]

NNLOJET s = 13 TeV

ml + l [81.2, 101.2] GeV

H e + e

LO SM
NLO HTL SM
NNLO HTL SM

2 1 0 1 2

yH

0.4

0.6

0.8

1.0

1.2

1.4

Ra
tio

 to
 

NL
O 

HT
L

SM

0.0

0.1

0.2

0.3

0.4

0.5

d
/d

yH
 [f

b]

NNLOJET s = 13 TeV

ml + l [81.2, 101.2] GeV

H +

LO SM
NLO HTL SM
NNLO HTL SM

2 1 0 1 2

yH

0.4

0.6

0.8

1.0

1.2

1.4

Ra
tio

 to
 

NL
O 

HT
L

SM

Figure 4. Fiducial rapidity distribution of the Higgs boson in low-mass (upper) and resonant-Z
(lower) regions for electrons (left) and muons (right).

and the lepton-photon isolation as well as the low-mass me+e− window can further lower
this upper bound. NLO and NNLO corrections extend the allowed kinematics to larger
pl1T regions with a non-trivial NNLO/NLO ratio especially directly above the Born-level
kinematic threshold. In the low-mass region, we also observe very large corrections in the
first bin of the pl1T spectrum, again resulting from the symmetric cuts on pγT and pl+l−T . The
peak of the pl1T distribution is at 30GeV for the low-mass region while being at 50GeV for
the resonant-Z region. The difference in fiducial cuts for the H → e+e−γ and H → µ+µ−γ

channels results in an increase of about 20% in the signal yield for the µ+µ− channel in
the low-mass region. The difference only appears as a normalization effect with negligible
impact to the shape of distributions.

Figure 4 displays the Higgs boson rapidity distributions. We observe flat differential
K-factors at NLO and NNLO in the resonant-Z region. The scale variation bands partially
overlap between NLO and NNLO predictions with +25% correction at NNLO. For the
low-mass region, there is a small modulation of radiative corrections around yH ∼ ±1.3
due to kinematical effects. For di-lepton production near the on-shell photon pole, the
H → l+l−γ decay channel is effectively a two-body decay with massless final states. Again,
the symmetric fiducial cuts on pγT and pl+l−T introduce implicit constraints on the Born-level
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Figure 5. Fiducial transverse momentum distribution of Higgs boson in low-mass (upper) and
resonant-Z (lower) regions for electrons (left) and muons (right).

kinematics. In the centre-of-mass (COM) frame of Higgs boson production, the rapidity of
final state photon is |yγ |COM = cosh−1(mH/(2pγT )) which leads to |yγ |COM . 1.1 for pγT >
37.5GeV. This constraint is overcome by higher-order QCD radiation. Due to the non-
vanishing longitudinal momentum of the Higgs boson, this does not translate into a sharp
edge in the laboratory frame, it does nevertheless induce a variation of the higher order
corrections with the Higgs rapidity at approximately |yH | . |yγ |max − |yγ |COM ∼ 1.3. A
similar effect has been discussed recently in [32, 54, 55] for theH → γγ decay channel. Away
from the on-shell photon pole, the genuine three-body decay kinematics protect against this
effect, which fully disappears from the yH distributions in the resonant-Z region.

The predictions for the Higgs transverse momentum distributions in the H → l+l−γ

channel are shown in figure 5. The Born-level kinematics of inclusive Higgs boson produc-
tion correspond to vanishing transverse momentum. Consequently, the fixed-order predic-
tion of the transverse momentum distribution requires one extra power of αs, as compared
to inclusive production. Our calculation of the pHT distribution is based on Higgs-plus-jet
production, with the jet requirement replaced by a minimum cut on pHT > 10GeV. A con-
sistent counting of orders is applied, with the LO pHT distribution corresponding to the NLO
contribution to inclusive production in the previous figures. The NNLO QCD correction is
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based on our previous work [24, 25, 30], extended to the H → l+l−γ decay channels. We
use a dynamical central scale choice of EHT =

√
m2
H + (pHT )2 in the calculation of the pHT

distribution to improve the perturbative convergence in the large transverse momentum
region. For both low-mass and resonant-Z region, we observe flat differential K-factors
from higher order corrections above pHT =50GeV. There is a 30–35% enhancement from
NLO to NNLO with scale uncertainties reducing from about ±22% to ±13%. For the pHT
distribution below 30GeV, transverse momentum resummation effects up to N3LL should
be considered [25, 30, 33], which are beyond the scope of this study.

The differences that were observed in the shapes of the ml+l− , p
γ
T and pl1T distributions

between electrons and muons are not present in the pHT and yH distributions for either
low-mass and resonant-Z regions. This will be an advantage when combining various Higgs
decay channels to reconstruct inclusive Higgs observables.

4 Conclusions and outlook

The rare Higgs boson decay mode H → l+l−γ can provide important information on the
Higgs boson couplings and is particularly sensitive to physics effects beyond the Standard
Model. Searches for this decay mode [11, 12] concentrate on two lepton invariant mass
ranges (low-mass and resonant-Z), with first evidence reported recently [11] in the low-
mass range.

In this paper, we investigated the impact of QCD corrections up to NNLO on fiducial
cross sections related to the H → l+l−γ decay mode for final-state electrons and muons,
by combining this decay mode with the NNLO calculations for Higgs and Higgs-plus-
jet final states. Higher order QCD corrections were found to be quite uniform for the
distributions in the lepton pair invariant mass and in the Higgs boson transverse momentum
and rapidity. Non-trivial kinematical features are observed in QCD corrections to the
transverse momentum distributions of the leading lepton and the photon, which can be
understood from a non-trivial interplay between the fiducial event selection cuts and higher-
order QCD radiation. These effects are particularly pronounced in the low-mass region,
where they lead to sizeable QCD corrections to the acceptance factors for electrons and
muons, which decrease at higher orders while remaining constant in the resonant-Z region.
Several perturbative instabilities (Sudakov shoulders) are observed in these distributions,
which could be partly eased by the introduction of asymmetric cuts on the final state
particles [55] or by including all order contributions through dedicated resummation [33, 54]
or a parton shower description.

Our results can contribute to the optimisation of searches for the H → l+l−γ decay
mode and will subsequently enable its precision study on the increasing LHC data set.

Acknowledgments

We would like to thank Sarah Heim and Anthony Morley for interesting discussions on the
ATLAS studies [11, 12] of theH → l+l−γ decay mode. The authors also want to thank Juan
Cruz-Martinez, James Currie, Aude Gehrmann-De Ridder, Marius Höfer, Matteo Marcoli,

– 11 –



J
H
E
P
0
1
(
2
0
2
2
)
0
5
3

Jonathan Mo, Tom Morgan, Joao Pires, Robin Schürmann, Duncan Walker and James
Whitehead for useful discussions and their many contributions to the NNLOJET code. We
thank the University of Zurich S3IT (http://www.s3it.uzh.ch) and Swiss National Super-
computing Centre (CSCS) with project ID UZH10 for providing support and computational
resources. This project has received funding from the European Research Council (ERC)
under the European Union’s Horizon 2020 research and innovation programme grant agree-
ment 101019620 (ERC Advanced Grant TOPUP), from the U.K. Science and Technology
Facilities Council (STFC) through grant ST/T001011/1, from the Swiss National Science
Foundation (SNF) under contract 200020-175595, and from the Deutsche Forschungsge-
meinschaft (DFG, German Research Foundation) under grant 396021762-TRR 257.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] ATLAS collaboration, Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [INSPIRE].

[2] CMS collaboration, Observation of a new boson at a mass of 125GeV with the CMS
experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] [INSPIRE].

[3] R.N. Cahn, M.S. Chanowitz and N. Fleishon, Higgs particle production by Z → Hγ, Phys.
Lett. B 82 (1979) 113 [INSPIRE].

[4] L. Bergstrom and G. Hulth, Induced Higgs couplings to neutral bosons in e+e− collisions,
Nucl. Phys. B 259 (1985) 137 [Erratum ibid. 276 (1986) 744] [INSPIRE].

[5] A. Djouadi, V. Driesen, W. Hollik and A. Kraft, The Higgs photon — Z boson coupling
revisited, Eur. Phys. J. C 1 (1998) 163 [hep-ph/9701342] [INSPIRE].

[6] A. Abbasabadi, D. Bowser-Chao, D.A. Dicus and W.W. Repko, Radiative Higgs boson decays
H → fermion anti-fermion gamma, Phys. Rev. D 55 (1997) 5647 [hep-ph/9611209]
[INSPIRE].

[7] G. Passarino, Higgs boson production and decay: Dalitz sector, Phys. Lett. B 727 (2013) 424
[arXiv:1308.0422] [INSPIRE].

[8] D.A. Dicus, C. Kao and W.W. Repko, Comparison of H → `¯̀γ and H → γ Z,Z → `¯̀
including the ATLAS cuts, Phys. Rev. D 89 (2014) 033013 [arXiv:1310.4380] [INSPIRE].

[9] A. Kachanovich, U. Nierste and I. Nišandžić, Higgs boson decay into a lepton pair and a
photon revisited, Phys. Rev. D 101 (2020) 073003 [arXiv:2001.06516] [INSPIRE].

[10] A. Kachanovich, U. Nierste and I. Nisandzic, Higgs decay into a lepton pair and a photon: a
roadmap to H→ Zγ discovery and probes of new physics, arXiv:2109.04426 [INSPIRE].

[11] ATLAS collaboration, A search for the Zγ decay mode of the Higgs boson in pp collisions at√
s = 13TeV with the ATLAS detector, Phys. Lett. B 809 (2020) 135754

[arXiv:2005.05382] [INSPIRE].

– 12 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1207.7214
https://doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1207.7235
https://doi.org/10.1016/0370-2693(79)90438-6
https://doi.org/10.1016/0370-2693(79)90438-6
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB82%2C113%22
https://doi.org/10.1016/0550-3213(85)90302-5
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB259%2C137%22
https://doi.org/10.1007/BF01245806
https://arxiv.org/abs/hep-ph/9701342
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9701342
https://doi.org/10.1103/PhysRevD.55.5647
https://arxiv.org/abs/hep-ph/9611209
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9611209
https://doi.org/10.1016/j.physletb.2013.10.052
https://arxiv.org/abs/1308.0422
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1308.0422
https://doi.org/10.1103/PhysRevD.89.033013
https://arxiv.org/abs/1310.4380
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1310.4380
https://doi.org/10.1103/PhysRevD.101.073003
https://arxiv.org/abs/2001.06516
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2001.06516
https://arxiv.org/abs/2109.04426
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2109.04426
https://doi.org/10.1016/j.physletb.2020.135754
https://arxiv.org/abs/2005.05382
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.05382


J
H
E
P
0
1
(
2
0
2
2
)
0
5
3

[12] ATLAS collaboration, Evidence for Higgs boson decays to a low-mass dilepton system and a
photon in pp collisions at

√
s = 13 TeV with the ATLAS detector, Phys. Lett. B 819 (2021)

136412 [arXiv:2103.10322] [INSPIRE].

[13] M. Spira, A. Djouadi and P.M. Zerwas, QCD corrections to the HZγ coupling, Phys. Lett. B
276 (1992) 350 [INSPIRE].

[14] T. Gehrmann, S. Guns and D. Kara, The rare decay H → Zγ in perturbative QCD, JHEP
09 (2015) 038 [arXiv:1505.00561] [INSPIRE].

[15] R. Bonciani, V. Del Duca, H. Frellesvig, J.M. Henn, F. Moriello and V.A. Smirnov,
Next-to-leading order QCD corrections to the decay width H → Zγ, JHEP 08 (2015) 108
[arXiv:1505.00567] [INSPIRE].

[16] J.M. Campbell and R.K. Ellis, An Update on vector boson pair production at hadron
colliders, Phys. Rev. D 60 (1999) 113006 [hep-ph/9905386] [INSPIRE].

[17] J.M. Campbell, R.K. Ellis and C. Williams, Vector boson pair production at the LHC, JHEP
07 (2011) 018 [arXiv:1105.0020] [INSPIRE].

[18] C. Anastasiou, C. Duhr, F. Dulat, F. Herzog and B. Mistlberger, Higgs boson gluon-fusion
production in QCD at three loops, Phys. Rev. Lett. 114 (2015) 212001 [arXiv:1503.06056]
[INSPIRE].

[19] B. Mistlberger, Higgs boson production at hadron colliders at N3LO in QCD, JHEP 05
(2018) 028 [arXiv:1802.00833] [INSPIRE].

[20] F. Dulat, B. Mistlberger and A. Pelloni, Precision predictions at N3LO for the Higgs boson
rapidity distribution at the LHC, Phys. Rev. D 99 (2019) 034004 [arXiv:1810.09462]
[INSPIRE].

[21] L. Cieri, X. Chen, T. Gehrmann, E.W.N. Glover and A. Huss, Higgs boson production at the
LHC using the qT subtraction formalism at N3LO QCD, JHEP 02 (2019) 096
[arXiv:1807.11501] [INSPIRE].

[22] R. Boughezal, F. Caola, K. Melnikov, F. Petriello and M. Schulze, Higgs boson production in
association with a jet at next-to-next-to-leading order, Phys. Rev. Lett. 115 (2015) 082003
[arXiv:1504.07922] [INSPIRE].

[23] R. Boughezal, C. Focke, W. Giele, X. Liu and F. Petriello, Higgs boson production in
association with a jet at NNLO using jettiness subtraction, Phys. Lett. B 748 (2015) 5
[arXiv:1505.03893] [INSPIRE].

[24] X. Chen, J. Cruz-Martinez, T. Gehrmann, E.W.N. Glover and M. Jaquier, NNLO QCD
corrections to Higgs boson production at large transverse momentum, JHEP 10 (2016) 066
[arXiv:1607.08817] [INSPIRE].

[25] X. Chen et al., Precise QCD Description of the Higgs Boson Transverse Momentum
Spectrum, Phys. Lett. B 788 (2019) 425 [arXiv:1805.00736] [INSPIRE].

[26] J.M. Campbell, R.K. Ellis and S. Seth, H + 1 jet production revisited, JHEP 10 (2019) 136
[arXiv:1906.01020] [INSPIRE].

[27] C. Anastasiou, K. Melnikov and F. Petriello, Fully differential Higgs boson production and
the di-photon signal through next-to-next-to-leading order, Nucl. Phys. B 724 (2005) 197
[hep-ph/0501130] [INSPIRE].

– 13 –

https://doi.org/10.1016/j.physletb.2021.136412
https://doi.org/10.1016/j.physletb.2021.136412
https://arxiv.org/abs/2103.10322
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.10322
https://doi.org/10.1016/0370-2693(92)90331-W
https://doi.org/10.1016/0370-2693(92)90331-W
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB276%2C350%22
https://doi.org/10.1007/JHEP09(2015)038
https://doi.org/10.1007/JHEP09(2015)038
https://arxiv.org/abs/1505.00561
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1505.00561
https://doi.org/10.1007/JHEP08(2015)108
https://arxiv.org/abs/1505.00567
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1505.00567
https://doi.org/10.1103/PhysRevD.60.113006
https://arxiv.org/abs/hep-ph/9905386
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9905386
https://doi.org/10.1007/JHEP07(2011)018
https://doi.org/10.1007/JHEP07(2011)018
https://arxiv.org/abs/1105.0020
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1105.0020
https://doi.org/10.1103/PhysRevLett.114.212001
https://arxiv.org/abs/1503.06056
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1503.06056
https://doi.org/10.1007/JHEP05(2018)028
https://doi.org/10.1007/JHEP05(2018)028
https://arxiv.org/abs/1802.00833
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1802.00833
https://doi.org/10.1103/PhysRevD.99.034004
https://arxiv.org/abs/1810.09462
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.09462
https://doi.org/10.1007/JHEP02(2019)096
https://arxiv.org/abs/1807.11501
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.11501
https://doi.org/10.1103/PhysRevLett.115.082003
https://arxiv.org/abs/1504.07922
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1504.07922
https://doi.org/10.1016/j.physletb.2015.06.055
https://arxiv.org/abs/1505.03893
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1505.03893
https://doi.org/10.1007/JHEP10(2016)066
https://arxiv.org/abs/1607.08817
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1607.08817
https://doi.org/10.1016/j.physletb.2018.11.037
https://arxiv.org/abs/1805.00736
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.00736
https://doi.org/10.1007/JHEP10(2019)136
https://arxiv.org/abs/1906.01020
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.01020
https://doi.org/10.1016/j.nuclphysb.2005.06.036
https://arxiv.org/abs/hep-ph/0501130
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0501130


J
H
E
P
0
1
(
2
0
2
2
)
0
5
3

[28] S. Catani and M. Grazzini, An NNLO subtraction formalism in hadron collisions and its
application to Higgs boson production at the LHC, Phys. Rev. Lett. 98 (2007) 222002
[hep-ph/0703012] [INSPIRE].

[29] F. Caola, K. Melnikov and M. Schulze, Fiducial cross sections for Higgs boson production in
association with a jet at next-to-next-to-leading order in QCD, Phys. Rev. D 92 (2015)
074032 [arXiv:1508.02684] [INSPIRE].

[30] W. Bizoń et al., Fiducial distributions in Higgs and Drell-Yan production at N3LL+NNLO,
JHEP 12 (2018) 132 [arXiv:1805.05916] [INSPIRE].

[31] X. Chen, T. Gehrmann, E.W.N. Glover and A. Huss, Fiducial cross sections for the
four-lepton decay mode in Higgs-plus-jet production up to NNLO QCD, JHEP 07 (2019) 052
[arXiv:1905.13738] [INSPIRE].

[32] X. Chen, T. Gehrmann, E.W.N. Glover, A. Huss, B. Mistlberger and A. Pelloni, Fully
differential Higgs boson production to third order in QCD, Phys. Rev. Lett. 127 (2021)
072002 [arXiv:2102.07607] [INSPIRE].

[33] G. Billis, B. Dehnadi, M.A. Ebert, J.K.L. Michel and F.J. Tackmann, Higgs pT spectrum and
total cross section with fiducial cuts at third resummed and fixed order in QCD, Phys. Rev.
Lett. 127 (2021) 072001 [arXiv:2102.08039] [INSPIRE].

[34] F. Wilczek, Decays of heavy vector mesons into Higgs particles, Phys. Rev. Lett. 39 (1977)
1304 [INSPIRE].

[35] M.A. Shifman, A.I. Vainshtein and V.I. Zakharov, Remarks on Higgs boson interactions with
nucleons, Phys. Lett. B 78 (1978) 443 [INSPIRE].

[36] T. Inami, T. Kubota and Y. Okada, Effective gauge theory and the effect of heavy quarks in
Higgs boson decays, Z. Phys. C 18 (1983) 69 [INSPIRE].

[37] A. Gehrmann-De Ridder, T. Gehrmann and E.W.N. Glover, Antenna subtraction at NNLO,
JHEP 09 (2005) 056 [hep-ph/0505111] [INSPIRE].

[38] A. Daleo, T. Gehrmann and D. Maître, Antenna subtraction with hadronic initial states,
JHEP 04 (2007) 016 [hep-ph/0612257] [INSPIRE].

[39] J. Currie, E.W.N. Glover and S. Wells, Infrared structure at NNLO using antenna
subtraction, JHEP 04 (2013) 066 [arXiv:1301.4693] [INSPIRE].

[40] LHC Higgs Cross Section Working Group collaboration, Handbook of LHC Higgs
Cross sections: 4. Deciphering the nature of the Higgs sector, arXiv:1610.07922 [INSPIRE].

[41] NNPDF collaboration, Parton distributions from high-precision collider data, Eur. Phys. J.
C 77 (2017) 663 [arXiv:1706.00428] [INSPIRE].

[42] R.V. Harlander, T. Neumann, K.J. Ozeren and M. Wiesemann, Top-mass effects in
differential Higgs production through gluon fusion at order O(α4

s, JHEP 08 (2012) 139
[arXiv:1206.0157] [INSPIRE].

[43] T. Neumann and M. Wiesemann, Finite top-mass effects in gluon-induced Higgs production
with a jet-veto at NNLO, JHEP 11 (2014) 150 [arXiv:1408.6836] [INSPIRE].

[44] T. Neumann and C. Williams, The Higgs boson at high pT , Phys. Rev. D 95 (2017) 014004
[arXiv:1609.00367] [INSPIRE].

[45] K. Becker et al., Precise predictions for boosted Higgs production, arXiv:2005.07762
[INSPIRE].

– 14 –

https://doi.org/10.1103/PhysRevLett.98.222002
https://arxiv.org/abs/hep-ph/0703012
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0703012
https://doi.org/10.1103/PhysRevD.92.074032
https://doi.org/10.1103/PhysRevD.92.074032
https://arxiv.org/abs/1508.02684
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1508.02684
https://doi.org/10.1007/JHEP12(2018)132
https://arxiv.org/abs/1805.05916
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.05916
https://doi.org/10.1007/JHEP07(2019)052
https://arxiv.org/abs/1905.13738
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.13738
https://doi.org/10.1103/PhysRevLett.127.072002
https://doi.org/10.1103/PhysRevLett.127.072002
https://arxiv.org/abs/2102.07607
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.07607
https://doi.org/10.1103/PhysRevLett.127.072001
https://doi.org/10.1103/PhysRevLett.127.072001
https://arxiv.org/abs/2102.08039
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.08039
https://doi.org/10.1103/PhysRevLett.39.1304
https://doi.org/10.1103/PhysRevLett.39.1304
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C39%2C1304%22
https://doi.org/10.1016/0370-2693(78)90481-1
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB78%2C443%22
https://doi.org/10.1007/BF01571710
https://inspirehep.net/search?p=find+J%20%22Z.Phys.%2CC18%2C69%22
https://doi.org/10.1088/1126-6708/2005/09/056
https://arxiv.org/abs/hep-ph/0505111
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0505111
https://doi.org/10.1088/1126-6708/2007/04/016
https://arxiv.org/abs/hep-ph/0612257
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0612257
https://doi.org/10.1007/JHEP04(2013)066
https://arxiv.org/abs/1301.4693
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1301.4693
https://arxiv.org/abs/1610.07922
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1610.07922
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://arxiv.org/abs/1706.00428
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.00428
https://doi.org/10.1007/JHEP08(2012)139
https://arxiv.org/abs/1206.0157
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1206.0157
https://doi.org/10.1007/JHEP11(2014)150
https://arxiv.org/abs/1408.6836
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1408.6836
https://doi.org/10.1103/PhysRevD.95.014004
https://arxiv.org/abs/1609.00367
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1609.00367
https://arxiv.org/abs/2005.07762
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.07762


J
H
E
P
0
1
(
2
0
2
2
)
0
5
3

[46] X. Chen et al., Top-quark mass effects in H+ jet and H + 2 jets production,
arXiv:2110.06953 [INSPIRE].

[47] M. Spira, A. Djouadi, D. Graudenz and P.M. Zerwas, Higgs boson production at the LHC,
Nucl. Phys. B 453 (1995) 17 [hep-ph/9504378] [INSPIRE].

[48] C. Anastasiou, S. Bucherer and Z. Kunszt, HPro: a NLO Monte-Carlo for Higgs production
via gluon fusion with finite heavy quark masses, JHEP 10 (2009) 068 [arXiv:0907.2362]
[INSPIRE].

[49] M. Czakon, R.V. Harlander, J. Klappert and M. Niggetiedt, Exact top-quark mass
dependence in hadronic Higgs production, Phys. Rev. Lett. 127 (2021) 162002
[arXiv:2105.04436] [INSPIRE].

[50] S.P. Jones, M. Kerner and G. Luisoni, Next-to-leading-order QCD corrections to Higgs boson
plus jet production with full top-quark mass dependence, Phys. Rev. Lett. 120 (2018) 162001
[arXiv:1802.00349] [INSPIRE].

[51] J.M. Lindert, K. Kudashkin, K. Melnikov and C. Wever, Higgs bosons with large transverse
momentum at the LHC, Phys. Lett. B 782 (2018) 210 [arXiv:1801.08226] [INSPIRE].

[52] T. Neumann, NLO Higgs+jet production at large transverse momenta including top quark
mass effects, J. Phys. Comm. 2 (2018) 095017 [arXiv:1802.02981] [INSPIRE].

[53] S. Catani and B.R. Webber, Infrared safe but infinite: soft gluon divergences inside the
physical region, JHEP 10 (1997) 005 [hep-ph/9710333] [INSPIRE].

[54] M.A. Ebert and F.J. Tackmann, Impact of isolation and fiducial cuts on qT and N-jettiness
subtractions, JHEP 03 (2020) 158 [arXiv:1911.08486] [INSPIRE].

[55] G.P. Salam and E. Slade, Cuts for two-body decays at colliders, JHEP 11 (2021) 220
[arXiv:2106.08329] [INSPIRE].

– 15 –

https://arxiv.org/abs/2110.06953
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2110.06953
https://doi.org/10.1016/0550-3213(95)00379-7
https://arxiv.org/abs/hep-ph/9504378
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9504378
https://doi.org/10.1088/1126-6708/2009/10/068
https://arxiv.org/abs/0907.2362
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0907.2362
https://doi.org/10.1103/PhysRevLett.127.162002
https://arxiv.org/abs/2105.04436
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.04436
https://doi.org/10.1103/PhysRevLett.120.162001
https://arxiv.org/abs/1802.00349
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1802.00349
https://doi.org/10.1016/j.physletb.2018.05.009
https://arxiv.org/abs/1801.08226
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1801.08226
https://doi.org/10.1088/2399-6528/aadfbf
https://arxiv.org/abs/1802.02981
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1802.02981
https://doi.org/10.1088/1126-6708/1997/10/005
https://arxiv.org/abs/hep-ph/9710333
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9710333
https://doi.org/10.1007/JHEP03(2020)158
https://arxiv.org/abs/1911.08486
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.08486
https://doi.org/10.1007/JHEP11(2021)220
https://arxiv.org/abs/2106.08329
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2106.08329

	Introduction
	Setup
	Results
	Fiducial total cross sections
	Fiducial differential cross sections

	Conclusions and outlook

