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Three rare decay processes of the Higgs boson to a ρ(770)0, φ(1020), or K∗(892)0 meson and a photon are 
searched for using 

√
𝑠 = 13 TeV proton-proton collision data collected by the CMS experiment at the LHC. Events 

are selected assuming the mesons decay into a pair of charged pions, a pair of charged kaons, or a charged kaon 
and pion, respectively. Depending on the Higgs boson production mode, different triggering and reconstruction 
techniques are adopted. The analyzed data sets correspond to integrated luminosities up to 138 fb−1, depending 
on the reconstructed final state. After combining various data sets and categories, no significant excess above 
the background expectations is observed. Upper limits at 95% cofidence level on the Higgs boson branching 
fractions into ρ(770)0γ, φ(1020)γ, and K∗(892)0γ are determined to be 3.7 × 10−4, 3.0 × 10−4, and 3.0 × 10−4, 
respectively. In case of the ρ(770)0γ and φ(1020)γ channels, these are the most stringent experimental limits to 
date.

1. Introduction

In 2012, the ATLAS and CMS experiments at the CERN LHC an
nounced the observation of a new scalar boson [1--3]. Ever since, a 
multitude of studies have been performed cofirming its compatibility 
with the standard model (SM) Higgs boson (H). In the SM, the Higgs 
boson interacts with fermion fields via Yukawa-type couplings, which 
are proportional to the fermion masses. Experimentally, the top quark 
Yukawa coupling strength is indirectly cofirmed through the measure
ment of the gluon fusion production cross section, as well as by direct 
measurements of the tt̄H production rate [4,5]. Couplings to the τ lep
ton and b quark are well established thanks to detailed measurements 
in the respective Higgs boson decay channels [6--10]. Interactions with 
c quarks are searched for via the H decay to charm quark jets [11,12] 
or via signatures involving charmonium [13--15]. Evidence of the Higgs 
boson coupling to muons has also been established [16].

Direct measurements of the Higgs boson interaction with low-mass 
quarks (u, d, s) have not yet been possible because of the small pre
dicted couplings, the challenging reconstruction of the final states, and 
the overwhelming backgrounds induced by quantum chromodynamic 
(QCD) processes. In order to probe these couplings, decays of the Higgs 
boson to a light meson plus either a photon or Z boson have been 
suggested [17]. Upper limits (UL) were obtained for the decays H →
Zφ(1020) and H → Zρ(770)0 [18] by the CMS Collaboration, and for 

⋆ E-mail address: cms-publication-committee-chair@cern.ch.

H→ ρ(770)0γ, H→ φ(1020)γ [19], H→K∗(892)0γ, H→ω(782)γ [20] 
and H→ D∗(2010)0γ [21] by the ATLAS Collaboration. In the analysis 
presented here we search for exclusive decays of the Higgs boson to a 
meson and a photon, where the meson is ρ(770)0, φ(1020), or K∗(892)0. 
In what follows we will refer to these mesons as ρ0 , φ, and K∗0, respec
tively. For the K∗0 meson the charge-conjugated partner is implied.

The SM prediction for the branching fraction for (H → ρ0γ) and 
(H → φγ) are (1.68 ± 0.08) × 10−5, and (2.31 ± 0.11) × 10−6, respec
tively [22]. In both decays, the meson is composed of sam-flavor quarks 
as displayed in the upper half of Fig. 1 for the φ meson. The diagram 
in the upper left shows the Higgs boson directly decaying to a strange 
quark-antiquark pair while the diagram in the upper right displays a 
Higgs-boson diphoton Dalitz decay with one off-shell photon, which is 
dominant in the SM. Beyond-the-SM scenarios with enhanced Higgs bo
son couplings to light quarks can significantly increase the subdominant 
contribution and can lead to observable discrepancies that are mostly 
due to the interference with the dominant diagram [17,23].

The H→K∗0γ final state features a flavor-changing neutral current 
and is therefore strongly suppressed by higher electroweak orders in the 
SM. Example diagrams are shown in the lower half of Fig. 1. The branch
ing fraction for the H→K∗0γ decay is 1.0×10−19 [24], and this decay is 
therefore a powerful probe of possible anomalous flavor-changing Higgs 
boson couplings [17].
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Fig. 1. Feynman diagrams showing the different Higgs boson decay mechanisms into a photon and a light meson (upper: φ meson; lower: K∗0 meson). The hatched 
circle in the upper right diagram denotes the off-shell H→γγ∗ amplitude, which in the SM arises first at one-loop order.

For our search, we analyze proton-proton (pp) collision data at √
𝑠 = 13 TeV, collected with the CMS detector at the LHC. Events are 

separated into mutually exclusive categories targeting the main produc
tion modes of the Higgs boson at the LHC, namely gluon fusion (ggH), 
vector boson fusion (VBF), and associated production with a vector bo
son (VH, V= Z,W). The VH events contain leptonic decays of the vector 
bosons, W → 𝓁𝜈 and Z → 𝓁𝓁, where 𝓁 = e,μ. The VH category also 
includes contributions from events where Higgs boson production oc
curs in association with top quarks (tt̄H), with leptonic decays from 
the resulting W bosons. To reconstruct Higgs boson candidates, pho
tons are combined with meson candidates, identfied via their decays 
ρ0 → π+π−, φ→K+K− and K∗0 →K+π−.

Tabulated results are provided in the HEPData record for this anal
ysis [25].

2. The CMS detector

The central feature of the CMS apparatus is a superconducting 
solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. 
Within the solenoid volume are a silicon pixel and strip tracker, a lead 
tungstate crystal electromagnetic calorimeter (ECAL), and a brass and 
scintillator hadron calorimeter, each composed of a barrel and two 
endcap sections. A silicon strip preshower detector improves energy 
measurements in the forward region. Forward calorimeters extend the 
pseudorapidity (𝜂) coverage provided by the barrel and endcap detec
tors. Muons are reconstructed in gas-ionization detectors embedded in 
the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudora
pidity range |𝜂| < 2.5. It consists of 1856 silicon pixel and 15 148 silicon 
strip detector modules. The silicon pixel detector modules are arranged 
in four layers. In 2016, data were taken with a different detector con
figuration; at that time there were 1440 silicon pixel detector modules 
arranged in three layers. The relative 𝑝T resolution for nonisolated parti
cles in the barrel region, |𝜂| < 1.4, is ≈ 1% independent of 𝑝T in the range 
1-10 GeV, increases with 𝑝T above 10 GeV, reaching ≈ 2% at 50 GeV and 
≈ 4% at 100 GeV [26].

Muons are measured in the pseudorapidity range |𝜂| < 2.4, with de
tection planes made using three technologies: drift tubes, cathode strip 
chambers, and resistive-plate chambers. The single muon trigger effi
ciency exceeds 90% over the full 𝜂 range, and the efficiency to recon
struct and identify muons offline is greater than 96%. Matching muons 
to tracks measured in the silicon tracker results in a relative 𝑝T resolu

tion, for muons with 𝑝T up to 100 GeV, of 1% in the barrel and 3% in 
the endcaps [27].

The electron momentum is estimated by combining the energy mea
surement in the ECAL with the momentum measurement in the tracker. 
The momentum resolution for electrons with 𝑝T ≈ 45 GeV from Z→ ee
decays ranges from 1.6 to 5%. It tends to be better in the barrel re
gion than in the endcaps, and also depends on the bremsstrahlung en
ergy emitted by the electron as it traverses the material in front of the 
ECAL [28].

The energy of photons is obtained from the ECAL energy depositions 
in a supercluster, combining deposits from the photon and the conver
sions, produced by the tracker material upstream of the ECAL detector. 
The energy resolution for photons varies between 8 and 3% in the 𝑝T
range of 20 to 100 GeV [28].

Events of interest are selected using a two-tiered trigger system [29]. 
The first level, composed of custom hardware processors, uses informa
tion from the calorimeters and muon detectors to select events at a rate 
of around 100 kHz within a fixed latency of 4 μs [30]. The second level, 
known as the high-level trigger, consists of a farm of processors run
ning a version of the full event reconstruction software optimized for 
fast processing, and reduces the event rate to around 1 kHz before data 
storage [31].

A more detailed description of the CMS detector, together with a 
definition of the coordinate system used and the relevant kinematic vari
ables, can be found in Ref. [32].

3. Simulated samples

Samples of simulated Higgs boson events, produced via ggH, VBF, 
tt̄H, WH, and ZH, are generated at next-to-leading order (NLO) in QCD 
using powheg 2.0, with improved accuracy where available [33--38]. 
The signal yields are normalized to the theoretical cross sections. The 
ggH cross section is calculated at next-to-next-to-NLO in QCD and 
at NLO in electroweak accuracy, while those for the other produc
tion modes are calculated at next-to-NLO in QCD and at NLO in elec
troweak accuracy [39]. The decay ρ0 → π+π− has a branching fraction 
of ≈ 100%, while the decay φ → K+K− has a branching fraction of 
(49.1 ± 0.5)%. For the decay K∗0 → Kπ, the branching fraction is close 
to 100%, with two-thirds of these decays involving a charged kaon and 
a charged pion [40].

Simulated samples are utilized to measure data-to-simulation cor
rection factors for the object identfication and trigger selection effi
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ciency; these simulations are also employed to optimize the event selec
tions within each category. The related SM processes are: γ, W→ 𝓁𝜈, 
and Drell–Yan Z → 𝓁𝓁 production in association with jets, as well 
as tt̄, Wγ, and Zγ production. These samples are generated at lead
ing order (LO) using MadGraph5_amc@nlo 2.6.5 with MLM parton 
matching [41], MadGraph5_amc@nlo 2.6.5 at NLO, with FxFx match
ing [42] or powheg program. The NNPDF3.1 parton distribution func
tions (PDFs) [43] at next-to-NLO order are used for all samples.

All generated samples are interfaced with pythia 8.212 [44] to 
model parton showering and hadronization. The description of the un
derlying event is provided by the CP5 tune [45]. For the signal samples 
the decays H → ρ0γ, H → φγ, or H → K∗0γ are also modeled using
pythia. With the Higgs boson being a scalar particle, angular momen
tum conservation enforces fully transverse spin alignment of the out
going vector meson, but pythia simulates unpolarized decay products. 
To account for this effect, signal events are weighted at generator level 
by a factor proportional to sin2 𝜃, where 𝜃 is the angle between the 
direction of the positive kaon or pion in the meson rest frame and a po
larization axis dfined as the meson flight direction in the Higgs boson 
rest frame; the polarization axis can be effectively approximated, in the 
present case, with the meson flight direction measured in the labora
tory, given the smallness of the meson masses with respect to the Higgs 
boson mass [46]. A validation of this reweighting has been performed 
using evtgen [47].

Additional inelastic pp collisions in each bunch crossing, referred to 
as pileup (PU), are generated with pythia and are added to all simulated 
events in accordance with the measured PU distribution. All generated 
events are processed through a Geant4-based [48] simulation of the 
CMS detector before being reconstructed with the same version of the 
CMS event reconstruction software used for data. Detector conditions 
corresponding to the different data-taking periods in years 2016, 2017, 
and 2018 are simulated separately.

4. Event reconstruction

The final-state particles of pp collisions are reconstructed with a 
particl-flow (PF) algorithm [49], which combines information from 
all subdetectors to reconstruct individual particle candidates (PF can
didates). These particle candidates are classfied as muons, electrons, 
photons, charged and neutral hadrons.

The primary vertex (PV) is taken to be the vertex corresponding to 
the hardest scattering in the event, evaluated using tracking informa
tion alone, as described in Section 9.4.1 of Ref. [50]. All other collisions 
in the event are considered to have originated from PU. The candidate 
muons, electrons, and charged-hadron tracks used in the search pre
sented in this paper are all required to originate from the PV.

Candidate photons from the particl-flow algorithm must satisfy a 
tight (medium) identfication multivariate analysis (MVA) criterion cor
responding to a true-photon efficiency of 80% (90%) [28], depending 
on the event selection described in Section 5. Discriminating variables 
include photon kinematic observables and ECAL-to-preshower energy 
ratios in the endcaps, variables related to electromagnetic shower shape 
and width, and the isolation of the photon candidate. The isolation 
variable is computed either considering only tracks or all PF candi
dates in a cone within Δ𝑅 = 0.4 from the cluster centroid, where 
Δ𝑅 =

√
(Δ𝜂)2 + (Δ𝜙)2 and Δ𝜂 and Δ𝜙 are differences in pseudorapid

ity and azimuthal angle, respectively. Vetoes are applied in order to 
reject electron candidates and photons that converted into an electron
positron pair [28]. Corrections on photon energy scale, resolution, and 
identfication efficiency, derived from Z→ ee events [28] using the ``tag
and-probe'' (TnP) method [51], are applied to simulated events.

Muons are required to satisfy identfication and isolation criteria 
with an average selection efficiency of about 95%. An isolation variable 
(𝐼μ

rel
) for muons is determined by summing the 𝑝T of all PF candidates 

within a cone of radius Δ𝑅 = 0.4 around the direction of the candidate 
muon and is corrected for the contribution of neutral particles from PU 

interactions [52]. Factors correcting for the identfication efficiency of 
muons have been computed using the TnP method.

To reduce contamination from incorrectly reconstructed particles, 
candidate electrons are required to pass a tight (medium) MVA elec
tron identfication discriminant corresponding to an efficiency of 80% 
(90%), depending on the event selection. This discriminant [28] com
bines information about the quality of the tracks, the shower shape, 
kinematic quantities, and hadronic activity in the vicinity of the re
constructed electron. Electron energy scale and resolution corrections, 
derived from Z→ ee events [28], are applied to simulated events. The 
TnP method is also used to determine correction factors of the electron 
identfication efficiency [27,28].

Jets are reconstructed from PF candidates using the anti-𝑘T cluster
ing algorithm [53,54] with a distance parameter of 0.4. To mitigate the 
effect of PU, charged hadrons that do not arise from the PV are removed 
from the clustering. In addition to jet identfication criteria, PU rejection 
criteria are used to reduce the contamination of jets with 𝑝jT < 50 GeV
initiated by PU interactions [55]. Differences in jet energy scale and res
olution between data and simulation are corrected for, as described in 
Ref. [56].

The meson candidates are identfied using tracks reconstructed in the 
tracking detector. The tracks are required to originate from the PV and 
to satisfy the ``high purity'' reconstruction requirements. These require
ments are based on the number of tracker layers with reconstructed hits, 
the track fit quality, and the values of the impact parameters relative to 
their uncertainties [26]. A ρ0, φ or K∗0 meson candidate, denoted gener
ically as ``M'', is reconstructed as a pair of oppositely-charged tracks, one 
with 𝑝T > 20 GeV and the other with 𝑝T > 5 GeV; both within |𝜂| < 2.5. 
The pseudorapidity of the meson is restricted to match the trigger re
quirements, described in Section 5. The meson decay vertex is deter
mined with a kinematic vertex-constrained fit [57] and track momenta 
are recalculated accordingly. An isolation variable of the meson candi
date is determined using PF candidate transverse momenta as:

𝐼ch(M) =
𝑝MT

𝑝MT +
∑

ch|𝑝ch
T | ,

𝐼neu(M) =
𝑝MT

𝑝MT +
∑

neu|𝑝neu
T | ,

(1)

where 
∑

ch|𝑝ch
T | and 

∑
neu|𝑝neu

T | are, respectively, the 𝑝T sums of tracks 
and neutral particle candidates in a cone of radius Δ𝑅 = 0.3 around 
the direction of the two-track system. Only tracks with 𝑝T > 0.9 GeV as
sociated with the meson vertex, excluding the candidates defining the 
meson, and only neutral candidates with 𝑝T > 0.5 GeV, are retained in 
the isolation variable calculation. Data-to-simulation correction factors 
accounting for differences in track- and neutral particles based isolation 
variables are derived from events with two oppositely-charged muons 
using the following TnP method. After identifying a high-quality muon, 
isolation variables are computed from the activity around a second can
didate muon in the event, satisfying looser criteria, which serves as a 
proxy for the candidate meson. The efficiency of the isolation require
ment is extracted fom a simultaneous Z+background fit to the dimuon 
mass distribution for events passing or failing the isolation requirement. 
This efficiency is compared to the ditrack isolation efficiency estimated 
from the signal samples to derive corrections, which amount to values 
around 1% depending on 𝑝μT . A systematic uncertainty arising from us
ing a muon as a proxy for a meson is applied and detailed in Section 8.

It is required that the track-pair mass, under the appropriate charged
pion or charged-kaon mass hypotheses for the tracks, is consistent with 
the corresponding nominal meson mass. The experimental resolution 
ranges from approximately 3 MeV for 𝑚KK to 8 MeV for 𝑚ππ. Events 
are selected if the mass of the ditrack system is within the ranges de
fined in Table 1. In the K∗0 case, if both the K+π− and the K−π+

candidates fall in the mass interval, the one with the mass closest to 
the nominal K∗0 mass is chosen. No attempt is made to make these 
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Table 1
Mass requirements imposed on the ditrack system for signal and sideband regions.

meson decay lower boundary (GeV) signal region (GeV) upper boundary (GeV) 
ρ0 →π+π− 0.55 0.62 -- 0.92 1.00
φ→K+K− 1.000 1.008 -- 1.032 1.042
K∗0 →K+π− 0.80 0.84 -- 0.94 1.00

Fig. 2. Track pair invariant mass distributions in selected data events, for the ggH category of the analysis, for the ρ0γ (upper left), φγ (upper right), and K∗0γ

(lower) decays. The vertical dashed lines represent the signal mass region borders.

selections mutually exclusive. Moreover, if more than one meson can
didate in the relevant mass intervals are found in the same event, only 
the one with the largest 𝑝T is retained in the corresponding search. The 
mass intervals located on either side of the signal mass regions form 
a sideband region, as dfined in Table 1. The sideband region is used 
for training an MVA discriminator in the ggH category, and to validate 
another MVA discriminator used in the VBF category, as described in 
Section 6. The distributions of the ditrack system mass in the three de
cay channels are shown in Fig. 2, exhibiting a visible resonance peak 
at the mass of the meson. The meson peaks are fitted with a Voigtian 
function and the background with a third-order Chebychev polynomial. 
Fig. 2 provides a qualitative illustration of the meson selection in the 
ggH category.

5. Event selection

In the following, four analyses categories that target tt̄H, VH, VBF, 
and ggH processes are discussed. The corresponding event selection cri
teria are summarized in Table 2. In the ggH and VBF categories, the 
background is mostly composed of γ+ jet and multijet events, which oc
cur at rates many orders of magnitude larger than that of Higgs boson 
production. Main backgrounds in the VH category are W → 𝓁𝜈, and 

Drell–Yan Z→ 𝓁𝓁 production in association with jets, as well as tt̄ , Wγ, 
and Zγ events.

5.1. VH category

The VH category targets production of a Higgs boson in association 
with a heavy vector boson. However signal events selected under VH
category also include tt̄H events where one or both W bosons from top 
quark decays yield leptons, accounting for approximately 30% of the 
event statistics in this category. Trigger selection is based on single- or 
double-lepton requirements, where the single-muon (electron) lowest 
𝑝T thresholds vary between 24 and 27 GeV (27 and 32 GeV), depending 
on the data-taking period, while the double-muon (electron) lowest 𝑝T
thresholds are 17 and 8 GeV (23 and 12 GeV). Triggers requiring a muon 
with 𝑝μT > 17 GeV and a photon with 𝑝γT > 30 GeV complement the selec
tion. These triggers were active for the full data-taking periods in years 
2016, 2017, and 2018 corresponding to 138 fb−1.

In the W→ 𝓁𝜈 decay channel, events are retained if they contain a 
muon with 𝑝μT > 20 GeV and 𝐼μ

rel
< 0.15, or an electron with 𝑝eT > 30 GeV, 

where both must satisfy tight identfication criteria. In the Z→ 𝓁𝓁 decay 
channel, two muons are required with 𝑝μT > 20 and 10 GeV, and 𝐼μ

rel
<

0.25, or two electrons with 𝑝eT > 25 and 15 GeV, where both must satisfy 
tight identfication criteria. All electrons (muons) must be within |𝜂| <
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2.5 (2.4). The ZH category includes events with two opposite-charge and 
sam-flavor leptons if they satisfy |𝑀𝓁𝓁 −𝑀Z| < 15 GeV.

Events are required to contain photons with 𝑝γT > 40 GeV, |𝜂γ| < 2.5
and satisfying medium identfication criteria. Meson candidates must 
have 𝑝MT > 40 GeV and 𝐼ch(M) > 0.8. In the single-muon final state, it is 
required that Δ𝑅(μ,𝑀) > 0.5. In the single-electron final state, events 
with electron-photon pairs consistent with the Z boson decays are ve
toed by requiring |𝑀eγ −𝑀Z| > 10 GeV to reduce background from 
electrons misidentfied as photons. In the dilepton final state, an ad
ditional requirement is imposed on the mass of the dilepton-γ system, 
𝑀𝓁𝓁γ > 96 GeV in order to reduce the impact of final-state radiation 
(FSR). A lepton veto is applied in the other categories described below 
to ensure they are mutually exclusive.

5.2. High-𝑝
γ

T VBF category

The high-𝑝γT VBF category targets VBF events with a high-energy 
photon. During the data taking these events are selected by a trig
ger requiring a photon with 𝑝γT > 75 GeV, in the ECAL barrel region 
(|𝜂γ| < 1.4), and a pair of jets with large invariant mass (𝑀jj > 400 GeV) 
and large separation in pseudorapidity (|Δ𝜂jj| > 3). The threshold val
ues were adjusted throughout the data-taking years. This trigger was 
used for part of 2016 (28.2 fb−1) and part of 2017 (7.7 fb−1), and for 
all of 2018 (63.7 fb−1).

Events are required to contain photons with 𝑝γT > 75 GeV, that satisfy 
medium photon identfication criteria. Photons in the ECAL endcaps are 
not considered because the trigger was limited to the ECAL barrel region. 
Events must also include meson candidates with 𝐼ch(M) > 0.9 and 𝑝MT >

30 GeV. In addition, two jets not overlapping with the H →Mγ signal 
candidate are required, which must satisfy 𝑝jT > 40 GeV, 𝑀jj > 400 GeV, 
and |Δ𝜂jj| > 3.

5.3. Low-𝑝
γ

T VBF category

Since the VBF trigger is ineffective for low-𝑝T photons, we adopt a 
trigger strategy introduced in 2018 (39.5 fb−1), only based on the Higgs 
decay products. This trigger selects a photon and a jet each with 𝑝T >
35 GeV. In addition, the jet must be compatible with a single, isolated 
ditrack system. The photon selection is based on the ratio of the HCAL 
and ECAL cluster energies, shower-shape parameters, and isolation com
puted from ECAL and HCAL energy deposits and tracker information, in 
a cone of Δ𝑅 = 0.4 around the candidate photon. Utilizing the similarity 
among the tau lepton hadronic decay and the meson signature, trigger 
requirements on the ditrack system follow those of τ reconstruction. Fi
nal states with two tracks and no π0 mesons are selected requiring the 
tight working point for τ identfication and isolation [58]. Finally the 
photon-jet system must satisfy Δ𝑅j,γ > 0.3 and 𝑀j,γ > 30 GeV. The trig
ger efficiency for the Higgs boson signal is around 55% with respect to 
the offline selection.

The efficiency of the photon and τ-like jet reconstruction at trigger 
level was studied by factorizing the trigger efficiency into the photon 
and τ-like jet parts, and using two dedicated triggers. These triggers re
quire a muon with 𝑝μT > 24 GeV, as well as a photon or a τ-like jet with 
the same requirements as the signal. In data and simulated events, a 
Z → μμ boson candidate and a photon or a meson candidate are re
constructed, where one of the two candidate muons from the Z boson 
matches the muon trigger objects. The meson (photon) trigger efficiency 
for data and simulation is determined by measuring the fraction of the 
Z-plus-meson (-photon) events that also pass the dedicated trigger re
quirement. The photon trigger efficiency is determined using events 
where the photon-plus-dimuon mass is compatible with that of the Z 
boson.

Selected events are required to contain at least one photon with 38 <
𝑝
γ

T < 75 GeV, |𝜂γ| < 2.1 that passes the medium (tight) identfication 
criteria in the ECAL barrel (endcap). Events are required to have at least 
one meson candidate with 𝑝MT > 38 GeV and 𝐼ch(M) > 0.9. To cofirm 

the VBF nature of the category, we require a pair of jets with 𝑝jT > 30
and 20 GeV, 𝑀jj > 300 GeV, and |Δ𝜂jj| > 3, where the jets do not overlap 
with the H→Mγ signal candidates. In the following, jets satisfying these 
criteria are referred to as VBF-like jets.

5.4. ggH category

The ggH category includes events selected by the same trigger as 
the low-𝑝γT VBF category. After a VBF-like jets veto is applied and the 
overlap with other categories is removed, events are required to contain 
photons with 𝑝γT > 38 GeV, |𝜂γ| < 2.5 and passing the tight identfication 
criteria. Since the mesons from the Higgs boson decays have a large mo
mentum, their secondary decay products are expected to be collimated, 
and hence have a jet-like signature. As meson candidate tracks, we con
sider the two leading-𝑝T charged constituents of a jet which satifies 
basic jet requirements [59], and that lie in a cone with Δ𝑅 = 0.07 be
tween the tracks direction, thus strongly reducing track combinations. 
Candidate mesons with 𝑝MT > 38 GeV, 𝐼ch(M) > 0.9 and 𝐼neu(M) > 0.8
are retained. This category includes approximately 4% of VBF signal 
events.

6. Multivariate analysis selection

An analysis-specific MVA selection, based on a boosted decision 
tree (BDT) algorithm, has been developed to improve the signal-to
background ratio in the ggH, VBF low-𝑝γT , and VBF high-𝑝γT categories. 
The BDT classfiers use gradient boosting [60] implemented in the Root
package TMVA [61]. These classfiers are trained on half of the signal 
and background events, and validated with the other half. Choice of the 
BDT input variables aims to achieve a robust signal-to-background dis
crimination ensuring low inter-variable correlation.

In the ggH category, simulated signal and data events from the me
son mass sidebands dfined in Section 4 are used as training and test 
samples. The BDT is based on four variables: the ratio of the meson 𝑝T
to the photon and ditrack three-body mass (𝑚Mγ), 𝑝MT ∕𝑚Mγ; the ratio 
of the photon 𝑝T and 𝑚Mγ, 𝑝γT∕𝑚Mγ; the meson pseudorapidity; and the 
isolation of the leading meson track candidate,

𝐼ch(trk1) =
𝑝

trk1
T

𝑝
trk1
T +

∑
ch|𝑝ch

T |
, (2)

where 
∑

ch|𝑝ch
T | is dfined as in Eq. (1). Regarding the ratio variables, 

the photon and meson 𝑝T are divided by 𝑚Mγ in order to decrease their 
correlation with the Higgs boson mass estimate.

In the VBF categories, background from simulated photon plus jet 
events and photon plus ditrack data events are used for training and 
testing. In the data events, the two tracks are required to have the same 
charge. The list of BDT variables used is as follows: 𝑝MT ∕𝑚Mγ; 𝑝γT ; 𝑝Mγ

T ; 
the photon identfication discriminator; the meson charged isolation; 
Mjj; the Δ𝜙 of the two tagging jets; and the Zeppenfeld variable, dfined 
as 𝑧∗ = |𝜂Mγ − 0.5(𝜂j1 + 𝜂j2)|∕|Δ𝜂jj| [62].

Each event category employing a BDT-based classfication is further 
split in two sub-categories of different purity, cat0 and cat1, where the 
BDT score thresholds of the two sub-categories have been optimized for 
a maximal value of 𝜀∕

√
𝐵. Here 𝜀 and 𝐵 denote the signal efficiency 

and number of expected events of the 𝑚Mγ distribution, within a range 
of ±3 standard deviations centered around the Higgs boson mass, for 
the given BDT score selection. In each case, the two sub-categories are 
analyzed separately for signal extraction. Events with a BDT-score below 
the lowest threshold (cat1) are discarded. Table 2 summarizes selection 
criteria for all event categories.

7. Modeling of the H candidate mass distribution and analysis 
strategy

The 𝑚Mγ distributions are used in the signal extraction. If multiple 
photon and ditrack candidates are selected in an event, only the one with 
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Table 2
Summary of the event selection criteria, photon identfication efficiency and integrated luminosity 
() used in the analysis.

Common selections 
2 ``high-purity'' tracks, opposite charge 

M selection |𝜂trk| < 2.5, 𝑝trk1
T > 20 GeV, 𝑝trk2

T > 5 GeV, |𝜂M| < 2.1
0.62 < 𝑚ππ < 0.92 GeV (ρ0)∕1.008 <𝑚KK < 1.032 GeV (φ)∕0.84 <𝑚Kπ < 0.94 GeV (K∗0)

Category ggH VBF High-𝑝γT VBF Low-𝑝γT VH

 39.5 fb−1 86.9 fb−1 39.5 fb−1 138 fb−1

Trigger γ + High-𝑝T γ + γ + Double or single e/μ
jet with τ-ID VBF-like jets jet with τ-ID 

𝑝
γ

T (GeV) >38 >75 >38 and <75 >40 
|𝜂γ| <2.5 <1.4 <2.1 <2.5 
γ-ID (eff.) 80% 90% 80% 90% 
𝑝MT (GeV) >38 >30 >38 >40 
𝐼ch(M) >0.9 >0.9 >0.9 >0.8 
𝐼neu(M) >0.8 — — —

Event Meson candidate 2 jets with 2 jets with 1 selected and 
tagging within a jet with 𝑝

j
T > 40 GeV 𝑝

j
T > 30∕20 GeV isolated e/μ

𝑝
j
T > 40 GeV, tracks 𝑚jj > 400 GeV 𝑚jj > 300 GeV or 2 selected e/μ

with Δ𝑅< 0.07 |Δ𝜂jj| > 3 |Δ𝜂jj| > 3 |𝑀𝓁𝓁 −𝑀Z| < 15 GeV
Veto e/μ, VBF-like jets e/μ e/μ —

BDT categories 
cat0 BDT > 0.55 BDT > 0.7 BDT > 0.7 —
cat1 −0.4 < BDT < 0.55 −0.6 < BDT < 0.7 −0.6 < BDT < 0.7 —

the largest 𝑝T is retained to form the Higgs boson candidate. The analysis 
categories and the three data-taking periods, corresponding to the years 
2016, 2017, and 2018, are considered as separate contributions in a 
simultaneous fit.

In each category and decay channel, the 𝑚Mγ signal distributions 
are described by analytical functions with their parameters determined 
through unbinned maximum likelihood fits to the respective samples. 
Based on the simulated signal events, the shape of the 𝑚Mγ distribution 
is approximated by a double-sided Crystal Ball function (DSCB) [63]. 
The values of the DSCB parameters, extracted from fits to simulated 
signals in different categories and decay channels, are fixed in the final 
fits to data.

The background parametrization is determined with fits in the 𝑚Mγ

spectrum sidebands 𝑚𝐿 < 𝑚Mγ < 120 GeV and 130 GeV < 𝑚Mγ < 𝑚𝑅, 
where {𝑚𝐿,𝑚𝑅} = {100,150} GeV for the leptonic decay, {𝑚𝐿,𝑚𝑅} =
{100,170} GeV for the high-𝑝γT VBF category, and {𝑚𝐿,𝑚𝑅} = {110, 
160} GeV for the remaining ones. We use Chebychev and Bernstein poly
nomials, along with exponential functions to model the background 
shape.

The optimal order of polynomial functions, that vary between two 
and four depending on the category and decay channel, is determined 
using a Fisher statistical test [64]. All parameters of the functions are 
allowed to float freely in the final fits to data. The potential bias due to 
the choice of the background parametrization is evaluated by generating 
pseudo-experiments following the distribution of one of the background 
models. Amounts of signal corresponding to branching fractions of 10−5
are also added to pseudo-data. Extended unbinned maximum likelihood 
fits, using an alternative background model, are performed to extract 
the branching fraction from each pseudo-experiment. The median dif
ference between the measured and injected signal yields, relative to the 
pos-fit uncertainty in the signal yields, gives an estimate of the bias 
induced by the choice of the fitting function as background model. The 
measured biases are found to be smaller than 20% across all background 
parametrizations. Including these observed deviations as spurious sig
nals leads to a negligible change in the overall uncertainty of the mea
sured signal rate of less than 1%. For the final systematic uncertainty 
estimation related to the background shape, including a possible bias, 
all tested background parametrizations are employed in a discrete pro
filing method [65] described in the following.

8. Systematic uncertainties

To estimate systematic uncertainties related to the choice of the 𝑚Mγ

analytical background shapes, a discrete prfiling method is used, which 
treats the choice of a specific model as a discrete nuisance parameter in 
the fit. Several systematic uncertainties affect the normalization of the 
simulated signal templates; they are included in the likelihood function 
as nuisance parameters and are prfiled when minimizing it.

i. The uncertainties in the integrated luminosity measurements range 
between 1.2 and 2.5%, depending on data-taking period [66--68].

ii. The uncertainty in the total inelastic cross section, used for correct
ing the PU prfile in simulation to the prfile in data, is 4.6% [69]. 
The effect of this uncertainty on the signal normalization amounts 
to approximately 1%.

iii. Uncertainties in the efficiency of the photon plus τ-like jet trigger 
are 2.2--3.4% for the photon part and 5.3--5.6% for the ditrack part.

iv. Photon identfication efficiencies are derived from Z → ee events 
and their uncertainty is propagated to the selection efficiency [28]. 
The uncertainties are 𝑝T and 𝜂 dependent and are at most 1.5%.

v. The uncertainty in the tracking efficiency amounts to 2.3--2.4% per 
track, corresponding to 4.6--4.8% per ditrack, depending on the 
data-taking period. This uncertainty is determined by comparing 
ratios of D∗0 meson decay chains in data and simulation [70].

vi. Uncertainties in the muon and electron identfication, isolation, and 
trigger efficiencies arise from the method used to obtain those ef
ficiencies and from the limited size of the simulated samples used 
in these studies. They amount to less than 1.0% (1.5%) for muons 
(electrons) [27,28].

vii. Uncertainties affecting the charged and neutral meson isolation 
efficiencies are taken as the maximum difference between the ef
ficiency as measured in data dimuon events and in simulated signal 
events. It ranges from 1.7% to 2.8%, depending on the decay chan
nel and the type of isolation.

viii. Uncertainties in jet energy scale and resolution corrections are only 
relevant for the VBF categories and are smaller than 3.5%.

ix. The theoretical QCD scale uncertainty is calculated by varying 
the renormalization and factorization scales. The maximum and 
minimum envelope of the resulting distributions are taken as the 
up/down variations. These uncertainties amount to 3.9% for the 
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Table 3
Exclusion limits at 95% CL on the branching fractions of the Higgs boson decays. The limits are re
ported for the four categories (with subcategories combined, where applicable) and for their overall 
combination. Observed and median expected limits with the upper and lower bounds in the expected 
68% CL intervals are also reported.

(H→ ρ0γ) (H→φγ) (H→K∗0γ)

Category Exp.(×10−4) Obs.(×10−4) Exp.(×10−4) Obs.(×10−4) Exp.(×10−4) Obs.(×10−4)

VH 62+26−18 74 37+17−11 45 38+17−11 73 
Low-𝑝γT VBF 50+23−15 36 33+19−12 28 29+13−9 19 
High-𝑝γT VBF 23+11−7 16 16+9−6 11 14+7−4 10 
ggH 6.0+2.5−1.7 4.4 3.1+1.3−1.0 3.5 3.3+1.3−1.0 3.4 
Combined 5.7+2.4−1.6 3.7 2.9+1.3−0.8 3.0 3.1+1.3−0.9 3.0 

ggH production cross section. For the VBF, WH, ZH, and tt̄H pro
duction cross sections, the uncertainties are 0.4%, 0.7%, 3.8%, and 
2.6%, respectively [39].

x. Uncertainties from the choice of PDF set and the value of the 
strong coupling constant (𝛼S) depend on the Higgs boson produc
tion mode and range from 1.6 to 3.2%. These uncertainties are 
derived through reweighting the events with several alternative sets 
of weights. These weights are derived according to the prescriptions 
in PDF4LHC [71] and NNPDF3.1 [43].

xi. Parton shower modeling uncertainties arise from the renormaliza
tion scale of QCD-induced initial-state radiation (ISR) and FSR in
pythia. Variations of renormalization parameters of the ISR and 
FSR consist of four combinations obtained by keeping one constant 
and doubling or halving the other. The corresponding uncertainties 
are in the range 1.0--3.0%.

The largest impact on the UL is from the background shape uncer
tainties. Uncertainties in the signal yield from the acceptance effects in 
theory calculations are found to be negligible, as are those arising from 
the photon energy scale and resolution.

Theoretical uncertainties in the production cross sections, and the 
uncertainties due to the choice of PDF set and the value of 𝛼S are treated 
as correlated between the different data-taking periods. The uncertainty 
in the integrated luminosity measurement is treated as partially corre
lated between these periods. The other experimental uncertainties are 
treated as uncorrelated between the different data-taking periods.

9. Results

The results of this analysis have been determined using the CMS sta
tistical analysis tool Combine [72]. The 𝑚Mγ distributions in data and 
the background estimations are shown in Fig. 3 for some selected anal
ysis categories. The H→ ρ0γ, H→ φγ, and H→ K∗0γ signals are also 
shown, normalized to the UL of the branching fractions expected for the 
selected categories. No excess above the background expectation is ob
served. The results are presented as UL on (H→ ρ0γ), (H→ φγ), and 
(H→K∗0γ) set at 95% cofidence level (CL). Limits are set using the 
modfied frequentist CLs approach [73,74], in which a profile-likelihood 
ratio modfied for UL setting is used as the test statistic, making use 
of the asymptotic approximation [75]. Systematic uncertainties are in
corporated in the likelihood as nuisance parameters. Fig. 4 reports the 
expected and observed 95% CL UL according to analysis category, where 
the two BDT-based sub-categories of ggH and VBF have been merged. 
The ggH category dominates the search sensitivity for all decay chan
nels. By combining all the categories, the observed (expected) UL on 
(H→ ρ0γ), (H→ φγ), and (H→K∗0γ) are 3.7 × 10−4 (5.7 × 10−4), 
3.0 × 10−4 (2.9 × 10−4), and 3.0 × 10−4 (3.1 × 10−4), respectively. These 
values correspond to 22 times the SM expectation for the H→ ρ0γ de
cay and 129 times the SM expectation for the H→ φγ decay. For the 
strongly suppressed H→K∗0γ decay, this limit corresponds to 3.0×1015
times the value expected in the SM. The observed and median expected 
exclusion limits for the branching fractions at 95% CL for the Higgs bo
son decays are listed in Table 3.

10. Summary

A search was presented for Higgs boson decays into a photon and 
a ρ(770)0, φ(1020), or K∗(892)0 meson, using pp collision data at √
𝑠 = 13 TeV collected by the CMS experiment at the LHC. Events are se

lected assuming the mesons decay into a pair of charged pions, a pair of 
charged kaons, or a charged kaon and pion, respectively. Depending on 
the Higgs boson production mode, different signal triggering and recon
struction techniques are adopted. The analyzed data sets correspond to 
an integrated luminosity varying between 39.5 and 138 fb−1, depend
ing on the targeted final state. After combining various data sets and 
categories, no significant excess above the background expectations is 
observed. Upper limits at the 95% cofidence level on the Higgs boson 
branching fractions into ρ(770)0γ, φ(1020)γ, and K∗(892)0γ are deter
mined to be 3.7 × 10−4, 3.0 × 10−4, and 3.0 × 10−4, respectively. Limits 
for the ρ(770)0γ and φ(1020)γ channels constitute the most stringent 
experimental limits to date.
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Fig. 3. Pos-fit 𝑚Mγ distributions in data and the background model for ggH cat0 (upper left) and VBF high-𝑝γT cat0 (upper right) of the H→ ρ0γ search, ggH cat0 
(middle left) and the VH category (middle right) of the H→φγ search, ggH cat0 (lower left) and the VBF low-𝑝γT cat0 (lower right) of the H→K∗0γ search. The 
signal simulation is shown normalized at a branching fraction corresponding to the expected UL. Signal and background fit components, as well as 1 and 2 standard 
deviation(s) uncertainty bands are also shown.
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