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Abstract: The ratio between the branching fractions of the B0 → ρ(770)0γ and B0 →
K∗(892)0γ decays is measured with proton-proton collision data collected by the LHCb
experiment at centre-of-mass energies of 7, 8, and 13 TeV, corresponding to an integrated
luminosity of 9 fb−1. The measured value is

B(B0 → ρ(770)0γ)
B(B0 → K∗(892)0γ) = 0.0189 ± 0.0007 ± 0.0005,

where the first uncertainty is statistical and the second systematic. The branching fraction
for B0 → ρ(770)0γ decays is hence obtained as

B(B0 → ρ(770)0γ) = (7.9 ± 0.3 ± 0.2 ± 0.2) × 10−7,

where the last uncertainty is due to the branching fraction of the normalisation mode. This
result assumes that both the ρ(770)0 and K∗(892)0 decays saturate the dihadron mass spectra
considered in the analysis. It is consistent with the current world-average value and by far
the most precise measurement to date.
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1 Introduction

In the Standard Model of particle physics (SM), the b→ dγ and b→ sγ flavour-changing
neutral transitions proceed at leading order through electroweak loop (penguin) diagrams
involving virtual W bosons and up-type quarks. The virtual contribution of the top quark
is dominant due to its large mass, implying these processes mostly depend on the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements Vtd and Vts, respectively. Extensions of the SM
predict additional contributions that can significantly affect the dynamics of flavour-changing
neutral transitions [1–3].

The suppressed b→ dγ transition is an important but relatively unexplored probe of the
SM. The transition was first observed in 2008 through the B0→ ρ0γ decay1 by both Belle [4]
and BaBar [5] experiments. A recent combination, including the Belle II measurement [6],
gives a branching fraction of B(B0→ ρ0γ) = (8.2 ± 1.3) × 10−7 [7]. The isospin-companion de-
cay, B+→ ρ+γ,2 is measured with a similar decay rate, B(B+→ ρ+γ) = (9.8 ± 2.5) × 10−7 [8].
Evidence for the B0→ ωγ decay was also reported by the Belle and BaBar experiments, with
a combined branching fraction of B(B0→ ωγ) = (4.4+1.8

−1.6) × 10−7 [8].
A precise measurement of the branching fraction ratio B(B0→ ρ0γ)/B(B0→ K∗0γ)3

could in principle provide an independent and direct constraint on the ratio of the CKM matrix
elements |Vtd/Vts|, whose precision is limited by the theoretical inputs in the interpretation of
the oscillation frequencies of the neutral B0 and B0

s mesons [8]. Currently, the constraint from
radiative decays suffers from even larger theoretical uncertainties arising from the calculation
of the hadronic B0→ ρ0 and B0→ K∗0 form factors [9, 10]. Further advancements in the
form-factor calculations will be crucial to derive a competitive constraint on the ratio |Vtd/Vts|
from the measured branching fractions of radiative decays.

1The symbol ρ0 is used to refer to the ρ(770)0 meson throughout the paper.
2The inclusion of charge-conjugate processes is implied throughout.
3The symbol K∗0 is used to refer to the K∗(892)0 meson throughout the paper.
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In this paper, the branching fraction of the B0→ ρ0γ decay is measured with respect to the
normalisation channel, B0→ K∗0γ, using the resonance decays ρ0→ π+π− and K∗0→ K+π−,
respectively. This is the first measurement related to the b→ dγ transition performed by LHCb.
Both decay modes share a similar final-state topology allowing for the cancellation of most
of the systematic uncertainties related to the recorded luminosity, the decay reconstruction
and the selection efficiencies. The ratio of branching fractions is measured as

B(B0→ ρ0γ)
B(B0→ K∗0γ)

= N(B0→ ρ0(π+π−)γ)
N(B0→ K∗0(K+π−)γ)

× ε(B0→ K∗0(K+π−)γ)
ε(B0→ ρ0(π+π−)γ)

×RB, (1.1)

where N and ε respectively stand for the measured yield and the overall selection
efficiency of the B0→ ρ0(π+π−)γ and B0→ K∗0(K+π−)γ samples. The last term,
RB = B(K∗0→ K+π−)/B(ρ0→ π+π−), represents the ratio of the K∗0→ K+π− and
ρ0→ π+π− decay rates.

The analysis uses the Run 1 (2011–2012) and Run 2 (2015–2018) LHCb data samples
of proton-proton (pp) collisions at centre-of-mass energies of 7 TeV (2011), 8 TeV (2012),
and 13 TeV (Run 2), corresponding to an integrated luminosity of about 9 fb−1. To avoid
experimenter’s bias, the candidates in the signal region, corresponding to an invariant mass
of m(π+π−γ) ∈ [5150, 5490] MeV/c2, were not examined until the selection and analysis pro-
cedures are finalised. The studies were done separately per data-taking period to account for
possible variations of the experimental conditions, and merged at the last step of the analysis.

2 Detector and simulation

The LHCb detector [11, 12] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector
used for this analysis includes a high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [13], a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power of about 4 T m, and three stations
of silicon-strip detectors and straw drift tubes [14, 15] placed downstream of the magnet.
The tracking system provides a measurement of the momentum, p, of charged particles with
a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The
minimum distance of a track to a primary pp collision vertex (PV), the impact parameter (IP),
is measured with a resolution of (15+29/pT)µm, where pT is the component of the momentum
transverse to the beam, in GeV/c. Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov detectors (RICH) [16]. Photons, electrons and
hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower
detectors, an electromagnetic (ECAL) and a hadronic calorimeter. Muons are identified by a
system composed of alternating layers of iron and multiwire proportional chambers [17].

Simulated events are used to optimise the signal selection and to parameterise the
reconstructed invariant-mass distributions for the B0 meson. Contributions from specific
background channels are also studied using dedicated simulation samples. In the simulation,
pp collisions are generated using Pythia [18, 19] with a specific LHCb configuration [20]. The
decay chain of hadronic particles and the final-state radiation are handled by EvtGen [21] and
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Photos [22], respectively. The detector response to the interacting particles is implemented
in the Geant4 toolkit [23, 24].

3 Event selection

The online event selection is performed by a trigger [25, 26], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which applies the full event reconstruction. The hardware trigger selects events having
an ECAL cluster with an energy component transverse to the beam (ET) above a threshold
of 2.50 GeV and 2.96 GeV in Run 1 and Run 2, respectively. The software trigger requires
two high-pT hadrons significantly displaced from the interaction point, and one high-ET
photon [27]. The trigger efficiency is further enhanced by about 20% by applying loose
track-selection requirements to events that pass a tight photon threshold of ET > 4 GeV at
the hardware stage. For Run 2 data, a multivariate classifier based on topological criteria
complements the cut-based software trigger selection [28].

The reconstructed B0 candidate combines a pair of good-quality tracks [29] and an
energetic photon. The two charged tracks are required to have large IP, with a significance
with respect to any PV [30] greater than four. Both tracks must have a pT larger than
500 MeV/c with at least one above 1.2 GeV/c. To reduce the background from partially
reconstructed B decays, the B0 decay vertex is required to be isolated applying a lower
limit on the ∆χ2

vtx(B0) variable, defined as the increase in the vertex fit χ2 when adding
any additional reconstructed track.

Photon candidates are identified from ECAL clusters that cannot be geometrically
associated with any extrapolated track. The photon four-momentum is evaluated using the
dihadron vertex as the origin and the position and energy of the associated cluster. The
transverse component of the reconstructed photon momentum is required to be larger than
3 GeV/c. The B0 candidate four-momentum is computed by summing the four-momenta of the
two hadrons and the photon. The B0 momentum is required to point back to the associated
primary vertex and to have a transverse component larger than 2 GeV/c. The B0 candidates
are selected in the mass range [4000, 7000] MeV/c2. The reconstructed mass of the π+π− pair
must fall within [630, 920] MeV/c2 and the K+π− mass within [795.5, 995.5] MeV/c2.

For the B0→ ρ0(π+π−)γ channel, charged hadrons are identified as pions using informa-
tion provided by the RICH system. The probability associated to the pion hypothesis must
be larger than any other hadron hypothesis, kaon or proton, and larger than a threshold
optimised to reduce the expected contamination due to decays of b hadrons with a similar
topology. The optimisation is done by maximising the ratio S /

√
S +

∑
i Bi where S stands

for the expected signal yield, based on the known B0→ ρ0γ branching fraction [8], and Bi are
the expected background yields for B0→ K∗0(K+π−)γ, B0

s → ϕ(K+K−)γ and Λ0
b → pK−γ

decays. This optimisation is performed for each year of data-taking using simulated sam-
ples and deriving particle-identification (PID) performance from dedicated calibration-data
samples. Fiducial ranges for track momentum, p ∈ [4.5, 100.0] GeV/c, and pseudorapidity,
η ∈ [1.5, 4.5], are applied to match the phase space covered by the data-driven calibration
tool [31]. The charged-particle PID efficiency for the B0→ ρ0(π+π−)γ channel, corresponding
to the probability that both pions are correctly identified, is about 70%. In contrast, the

– 3 –



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

PID efficiency for the B0→ K∗0(K+π−)γ channel, where the kaon is misidentified as a pion,
is around 0.5%. For the B0→ K∗0(K+π−)γ normalisation channel, the hadron-identification
criteria were optimised in a previous radiative decay analysis [32], which uses the same
procedure as that described here.

Regarding the photon identification, the main background comes from π0 → γγ decays
for which the pair of photons form a single ECAL cluster. Single photons and neutral pions
are distinguished by exploiting their cluster shape and energy distribution, using a dedicated
tool [33]. The optimisation of the photon-identification criteria is performed with respect to
the B0→ ρ0(π+π−)π0 decay mode. Given that its branching fraction is measured with a large
relative uncertainty of 25%, the photon-identification criteria are obtained by minimising
the expected relative uncertainty on the B0→ ρ0(π+π−)γ measured yield, accounting for the
B0→ ρ0(π+π−)π0 contamination and its uncertainty. As for charged-particle identification,
the optimisation is performed for each year of data-taking using simulated samples and
deriving PID performance from dedicated calibration-data samples. Other contributions from
B0→ (π±π0)h∓ decays, where h stands for a pion or a kaon, that involve a (π±π0) resonant
state, including charmed D± meson decays, are vetoed by requiring that the invariant
mass of the reconstructed π±γ system (mπ±γ), where the neutral pion mass is assigned
to the reconstructed photon, exceeds 2 GeV/c2. This criterion, referred to as the charm
veto, also suppresses contributions from charmless B0→ ρ±π∓ and B0→ K∗±π∓ decays
and backgrounds from partially reconstructed B decays involving misidentified π0 mesons.
Both the photon-identification criteria and the charm veto are consistently applied to the
K+π−γ sample selection.

Background candidates resulting from combinations of unrelated hadrons and photons,
denoted as combinatorial background, can be strongly suppressed by exploiting kinematic
and topological variables. Boosted decision tree (BDT) classifiers [34, 35] are trained for each
year of data taking using simulated events, matched to the detector conditions, as signal
proxy and data candidates selected with mπ+π−γ > mB0 + 300 MeV/c2 as background proxy,
where mB0 is the known B0 mass [8]. An extended dipion mass range, mπ+π− < 1500 MeV/c2,
is applied to increase the number of π+π−γ candidates available for the training. The input
variables to the classifier are the IP and the pT of each hadron candidate and of the dihadron
combination, as well as the momentum, pseudorapidity, flight distance, IP significance and
∆χ2

vtx(B0) of the reconstructed B0 candidate. In Run 2, the BDT also makes use of the
cone isolation variable defined as

IpT = pT(B0) −
∑

pT
pT(B0) +

∑
pT

, (3.1)

where the sum is taken over tracks that are not part of the B0 signal candidate but are
associated with the same PV and fall within a cone of half-angle ∆Rc = 1.7 rad, ∆R < ∆Rc.
The track ∆R is evaluated according to (∆R)2 = (∆θ)2 + (∆ϕ)2, where ∆θ and ∆ϕ are the
differences in the polar and azimuthal angles of the track momentum with respect to the
direction of the B0 candidate. A two-sample cross-validation technique is used to avoid
overfitting the BDT model. A separate BDT algorithm with the same configuration and
input variables is similarly trained to select B0→ K∗0(K+π−)γ candidates.
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Before training the BDT, weights are applied to the simulated candidates to correct
for imperfections in the simulation of kinematic variables. They are obtained by comparing
simulated and background-subtracted data distributions for B0→ K∗0(K+π−)γ, applying
all the K+π−γ selection criteria except the BDT itself, and using the sPlot technique [36]. A
gradient-BDT reweighter [37] is trained on the number of tracks per event, the momentum
and pseudorapidity of the B0 candidate, the transverse momenta of the photon and the
dihadron candidates and, for Run 2, the cone isolation variable IpT . The derived weights
are applied to both the B0→ ρ0(π+π−)γ and B0→ K∗0(K+π−)γ simulated candidates. An
overall good agreement between data and simulation is obtained in the distributions of the
variables used to train the BDT. The effects of remaining discrepancies are considered as
systematic uncertainties by using alternative weighting schemes.

The BDT working points are optimised for each year of data-taking by maximising
the ratio S /

√
S + B, where S is the expected number of signal candidates estimated from

simulation and B is the number of combinatorial background candidates in the signal region
estimated by extrapolating the data distribution in the upper mass sideband of the signal peak.

After the selection, in the K+π−γ sample, the expected contributions of the dominant
backgrounds, relative to the B0→ K∗0(K+π−)γ normalisation yield, are as follows: 0.4%
from B0

s → ϕ(K+K−)γ, 0.5% from Λ0
b → pK−γ and 1.6% from B0→ K+π−π0 for which

one of the particles is misidentified; 0.8% from the suppressed B0
s → K∗0(K+π−)γ mode;

and 1.6% from B0→ K∗0(K+π−)η(γγ) for which one of the photons is not reconstructed.
Similarly, in the π+π−γ sample, the expected background contributions, relative to the
B0→ ρ0(π+π−)γ signal yield, are as follows: 11% from B0→ K∗0(K+π−)γ and 12% from
B0→ ρ0(π+π−)π0 for which one particle is misidentified; 0.4% from B0→ K+π−π0 where
both the kaon and the neutral pion are misidentified; 13% from B0

s → ϕ(π+π−π0)γ for which
the neutral pion escapes reconstruction; and 0.9% from B0→ ρ0(π+π−)η(γγ) for which one
of the photons is not reconstructed. For both samples, the B0→ K+π−π0 decay is simulated
using an amplitude model derived from ref. [38].

4 Invariant-mass fit

A simultaneous unbinned maximum-likelihood fit to the K+π−γ and π+π−γ invariant-mass
distributions is performed in the range [5010, 6410] MeV/c2 to determine the yields of the
signal and normalisation modes, combining the Run 1 and Run 2 data samples. The invariant-
mass distributions of the B0→ ρ0(π+π−)γ and B0→ K∗0(K+π−)γ components are modelled
using a modified double-sided Crystal Ball (ADSCB) [39] probability density function (PDF)
with an asymmetrical Gaussian core and tails on both sides. The mean, the width of the
Gaussian core, and the right-tail threshold parameters are shared between the signal and
the normalisation modes and are allowed to float in the fit. The right-tail power parameter
and the two left-tail parameters are fixed separately for each mode to the values obtained
from fits to simulation samples.

For both the π+π−γ and K+π−γ mass distributions, the shapes of the combinatorial
backgrounds are modelled using first-order polynomial functions with slopes and yields
allowed to vary in the fit. The backgrounds arising from partially reconstructed B decays
are modelled with an Argus [40] function convolved with the experimental signal resolution.
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Source Uncertainty [%]
Signal mass model (+0.5, −0.6)
Background contributions (+2.0, −2.2)
Background mass models (+1.1, −0.8)
Total systematic uncertainty (+2.3, −2.4)

Table 1. Relative systematic uncertainties on the measured yield ratio for the different sources
described in the text.

The slopes of the Argus functions are fixed to their values determined from simulation. The
missing-mass parameters of the Argus functions are fixed to the mass of the π0 meson. The
power parameters and the yields are free to vary in the fit to accommodate the limited
knowledge of the contributions to these missing pion components.

Specific background modes, listed at the end of the previous section, are included as
individual components in the fit models. Their shapes are described with either ADSCB
or Argus functions with all parameters fixed to the values obtained from simulation. Their
individual contributions, to either the K+π−γ or π+π−γ data samples, are made independent
of the measured B0→ ρ0(π+π−)γ signal yield by defining all of them as a fixed fraction of
the fitted B0→ K∗0(K+π−)γ normalisation yield.

The resulting invariant-mass fit is displayed in figure 1. The obtained B0→ ρ0(π+π−)γ
signal and B0→ K∗0(K+π−)γ normalisation yields are 1 917 ± 71 and 148 160 ± 900, respec-
tively, where the uncertainties are statistical only. The yield ratio is measured to be

N(B0→ ρ0(π+π−)γ)
N(B0→ K∗0(K+π−)γ)

= 0.0129 ± 0.0005 ± 0.0003,

where the first uncertainty is statistical and the second is the overall systematic uncer-
tainty resulting from the individual contributions listed in table 1 and summarised below.
Conservatively, individual sources are added in quadrature for the positive and negative
components separately.

The uncertainty due to the fixed tail parameters in the signal model is determined
using pseudoexperiments. The data fit is repeated 1000 times, with the value of the tail
parameters sampled according to a multidimensional Gaussian PDF based on the covariance
matrix obtained from a simultaneous fit to the B0→ ρ0(π+π−)γ and B0→ K∗0(K+π−)γ
simulated samples. Additionally, a potential difference in the invariant-mass resolution
between signal and normalisation modes is investigated by introducing scale factors on the
associated parameters. By adding in quadrature the systematic uncertainties related to the
signal mass model, a relative uncertainty of

(
+0.5
−0.6

)
% is obtained on the yield ratio.

The specific background contributions are fixed in the simultaneous fit to the two data
samples. The associated uncertainties are obtained using pseudoexperiments where each
individual contribution is varied within its uncertainty. The resulting uncertainty on the
yield ratio is found to be

(
+2.0
−2.2

)
%, primarily due to the limited knowledge of the branching

fraction of the B0→ ρ0(π+π−)π0 decay mode. Regarding the description of the background
mass models, the associated uncertainties are determined by varying the fixed parameters
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Figure 1. Invariant-mass distribution for the (top) K+π−γ and (bottom) π+π−γ selected candidates
in the dihadron mass range mK+π− ∈ [795.5, 995.5] MeV/c2 and mπ+π− ∈ [630, 920] MeV/c2, respec-
tively, combining Run 1 and Run 2 data samples. The fit components are also shown.

– 7 –



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

in the respective PDFs within their uncertainties, or by using alternative models. Summing
all the background-model sources in quadrature, an overall uncertainty of

(
+1.1
−0.8

)
% on the

yield ratio is obtained.
The invariant-mass fit is also repeated with the lower bound of the fitted mass range

extended to 4700 MeV/c2 both for the signal and normalisation channels. Partially recon-
structed B decays with two or more missing pions, which populate this lower mass region
are included as an additional component modelled with an Argus function convolved with
the signal resolution. The missing-mass parameter of the Argus function is fixed to twice
the mass of the π0 meson. For each of the two samples, the Argus power parameter and the
associated yield are allowed to vary freely. The obtained yield ratio is found to be compatible
with the nominal fit, and no additional uncertainty is assigned.

5 Efficiency ratio

The overall efficiency to reconstruct and select the signal and normalisation decays is fac-
torised as

ε = εsel × εh±
PID × εγ

PID. (5.1)

The term εsel, obtained from simulations, includes the geometrical acceptance of the spec-
trometer, the efficiency of the trigger requirements, and the different stages of the selection
except PID criteria. In particular, the efficiencies related to the K+π− and π+π− mass-
window selections are accounted for. A relative uncertainty of ±0.8% on the efficiency
ratio, ε(B0→ K∗0(K+π−)γ)/ε(B0→ ρ0(π+π−)γ), is assigned owing to the limited size of
the simulated samples. Alternative weighting corrections are tested for the kinematic dis-
tributions of the simulated samples, resulting in a systematic uncertainty of

(
+1.1
−0.2

)
% on

the efficiency ratio. Differences between kaon and pion reconstruction efficiencies lead to
an additional ±0.3% uncertainty.

The efficiencies related to the identification of the charged hadrons εh±
PID are measured

using high-purity calibration samples of D∗+→ D0(K−π+)π+ decays, and are evaluated as a
function of the hadron momentum and pseudorapidity using a dedicated procedure [31]. The
overall uncertainty on the efficiency ratio, which includes the effect of the limited size of the
calibration samples, the correlation between the two final-state hadrons and limitations of the
procedure, is estimated to be

(
+0.7
−1.3

)
%. The photon-identification efficiency εγ

PID is estimated
from a reference data sample using a similar method [33]. The associated uncertainties
mostly cancel in the efficiency ratio between the two radiative modes resulting in a systematic
effect estimated as ±0.1%.

The ratio of efficiencies, obtained from a year-weighted average, is determined to be

ε(B0→ K∗0(K+π−)γ)
ε(B0→ ρ0(π+π−)γ)

= 2.20 ± 0.02 ± 0.03,

where the first uncertainty is statistical and the second systematic, resulting from the quadratic
sum of the individual contributions summarised in table 2. The value of the efficiency ratio
is explained by a more stringent selection for the B0→ ρ0γ channel.

– 8 –



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

Source Uncertainty [%]
Simulated samples size (+0.8, −0.8)
Kinematics corrections (+1.1, −0.2)
Kaon/pion reconstruction (+0.3, −0.3)
Charged PID (+0.7, −1.3)
Neutral PID (+0.1, −0.1)
Total systematic uncertainty (+1.6, −1.6)

Table 2. Relative systematic uncertainties on the efficiency ratio for the different sources described
in the text.

6 Results

Using the known branching fraction of K∗0 decays into K+π− [8], and neglecting
any suppressed decay of the ρ0 meson, the ratio of decay rates Rb is taken as
B(K∗0→ K+π−) = (66.507 ± 0.014)%, which gives a ratio of branching fractions

B(B0→ ρ0γ)
B(B0→ K∗0γ)

= 0.0189 ± 0.0007 ± 0.0005,

where the first uncertainty is statistical and the second systematic. The uncertainty on the
K∗0→ K+π− branching fraction is negligible.

Combining this with the known branching fraction for the B0→ K∗0γ decay [7], the
branching fraction is determined to be

B(B0→ ρ0γ) = (7.9 ± 0.3 ± 0.2 ± 0.2) × 10−7,

where the last uncertainty is due to the branching fraction of the normalisation mode. The
measured branching fraction is in good agreement with the current world average and is
by far the most precise to date [7].

The analysis of the B0→ ρ0(π+π−)γ decay presented here uses candidates in the dipion
invariant-mass range [630, 920] MeV/c2 assuming that the ρ0→ π+π− decay saturates the
dipion spectrum in this range. The small contribution from ω→ π+π− decay and any possible
contribution from wide resonances at higher mass are neglected. Similarly, the analysis of the
B0→ K∗0(K+π−)γ decay assumes that the K∗0 decay saturates the K+π− invariant-mass
range [795.5, 995.5] MeV/c2 considered in this study. S-wave amplitudes are forbidden in
radiative B0 decays and nonresonant contributions with higher angular momentum are
assumed to be negligible for both final states. Detailed amplitude analyses over wider
dihadron invariant-mass ranges would provide better constraints on the resonant ρ0 and K∗0

contributions to the respective radiative decays.
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