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Abstract

Measurements of the branching fraction ratio B(ϕ → µ+µ−)/B(ϕ → e+e−) with
D+
s → π+ϕ and D+ → π+ϕ decays, denoted Rsϕπ and Rdϕπ, are presented. The analy-

sis is performed using a dataset corresponding to an integrated luminosity of 5.4 fb−1

of pp collision data collected with the LHCb experiment. The branching fractions are
normalised with respect to the B+ → K+J/ψ(→ e+e−) and B+ → K+J/ψ(→ µ+µ−)
decay modes. The combination of the results yields

Rϕπ = 1.022± 0.012 (stat) ± 0.048 (syst).

The result is compatible with previous measurements of the ϕ→ ℓ+ℓ− branching
fractions and predictions based on the Standard Model.
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1 Introduction

A particularly sensitive way of searching for physics beyond the Standard Model (SM)
is to make high-precision experimental tests of accidental symmetries that arise in the
SM. One such accidental symmetry is lepton flavour universality (LFU), whereby the
strength of the electroweak couplings for charged leptons is independent of their flavour.
The violation of LFU is a common feature in extensions of the SM, and branching fraction
ratios of hadron decays involving different lepton species constitute a sensitive probe for
physics beyond the SM, since they are largely free from hadronic uncertainties.

There has been much activity in testing LFU in b-hadron decays over the last decade
at LHCb. In b → sℓ+ℓ− decays, where ℓ represents either an electron or a muon, the
most recent LFU measurements [1, 2] are consistent with the SM with a precision of 5%
that is statistically limited. Several cross-checks are performed in the b → sℓ+ℓ− LFU
analyses to reinforce confidence in the results. The most stringent of these checks is the
ratio rJ/ψ = B(B+ → HsJ/ψ(→ µ+µ−))/B(B+ → HsJ/ψ(→ e+e−)), where Hs represents
a strange meson. The measurement of the ratio rJ/ψ requires significantly more control over
the efficiencies than the LFU measurements themselves and was found to be compatible
with the SM prediction in all measurements [3–7]. The variation of the efficiency as a
function of several kinematic variables, such as the maximum transverse momentum of
the two leptons, is also performed and no significant systematic effects are seen. Finally,
the double ratio for the ψ(2S) and J/ψ resonances, Rψ(2S), is performed and is also found
to be compatible with unity for all measurements [3–7]. The robustness of the efficiency
for the existing LFU measurements at the current level of precision is therefore clear.
However, as the statistical precision improves in the future, analysing a control channel in
the q2 region complementary to those performed in the existing analyses will be important
to keep systematic uncertainties subdominant.

The branching fraction ratios

R
(d,s)
ϕπ ≡

B(D+
(s) → π+ϕ(→ µ+µ−))

B(D+
(s) → π+ϕ(→ e+e−))

, (1)

where ϕ refers to the ϕ(1020) meson, are ideal quantities in this respect [8]. As the decay
is dominated by photon exchange, LFU is expected to hold in this process. The invariant
mass of the ϕ meson means that this decay occurs at a q2 value below many of the
existing LFU measurements. The decays D+

(s) → π+ϕ have a large branching fraction [9]

and a fully charged final state, meaning that high precision tests can be performed.1

Furthermore, the current precision of B(ϕ → µ+µ−)/B(ϕ → e+e−) is 6%, obtained by
comparing the individual branching fraction measurements from Refs. [10–12]. This test
is entirely limited by the branching fraction of B(ϕ → µ+µ−) [12], which provides the
opportunity to improve the precision of that branching fraction.

This paper presents a measurement of B(ϕ → µ+µ−)/B(ϕ → e+e−) based on a
dataset corresponding to an integrated luminosity of 5.4 fb−1 of pp collisions collected
with the LHCb detector between 2016 and 2018. Similarly to the b→ sℓ+ℓ− LFU
measurements performed by the LHCb collaboration, the signals are measured with
respect to the B+ → K+J/ψ(→ ℓ+ℓ−) decay modes. The double ratio strategy, which
consists in comparing the branching fraction ratios of signal and normalisation modes

1The inclusion of the charge-conjugate mode is implied.
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with the same topology, ensures that the knowledge of absolute efficiencies is unnecessary.
This normalisation assumes that LFU holds in J/ψ decays, which has been verified well
beyond the precision of this measurement [9].

The paper is organised as follows: firstly, a brief overview of the LHCb experiment is
given in Sect. 2, along with a description of the dataset. Secondly, the signal selection
is given in Sect. 3 and the remaining backgrounds and signal-yield determination are
discussed in Sect. 4. The determination of the reconstruction and selection efficiency of
the signal and normalisation modes is presented in Sect. 5. The values of these efficiencies
were kept blind until the analysis was finalised to avoid experimenter bias. Sources of
systematic uncertainties and their impact are discussed in Sect. 6. Finally, the results and
conclusion are presented in Sect. 7.

2 The LHCb detector and simulation

The LHCb detector [13, 14] 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 includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region [15], a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes [16] 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 [17]. Photons, electrons and hadrons are identified by a calorimeter system
consisting of scintillating-pad (SPD) and preshower detectors, an electromagnetic and a
hadronic calorimeter. Muons are identified by a system composed of alternating layers of
iron and multiwire proportional chambers [18].

Simulation is required to model the effects of the detector acceptance and to account
for the imposed selection requirements. In the simulation, pp collisions are generated
using Pythia [19] with a specific LHCb configuration [20]. Decays of unstable par-
ticles are described by EvtGen [21], in which final-state radiation is generated using
Photos [22]. The interaction of the generated particles with the detector, and its response,
are implemented using the Geant4 toolkit [23], as described in Ref. [24].

3 Candidate selection

The online event selection is performed by a trigger [25], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a
software stage, which applies a full event reconstruction. At the hardware trigger stage,
candidates with muons are required to have at least one high-pT muon track. Decays
involving electrons are required to either include a high-pT electron, a high-pT hadron or
be triggered independently of the final state. The data selected by these three trigger
methods in the electron channel are treated as separate categories in the analysis.
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The software trigger is split into two stages, with the first requiring one or two tracks
with high IP and pT. In between the two software stages, an alignment and calibration of
the detector is performed in near real-time and the results are used in the second stage of
the software trigger [26]. The same alignment and calibration information is propagated
to the offline reconstruction, ensuring that the particle identification (PID) is of high
quality and consistent between the trigger and offline analysis. The identical performance
of the online and offline reconstruction enables physics analyses to be performed directly
using candidates reconstructed in the trigger [25,27], which the present analysis exploits
for the signal channels.

In the second software stage, exclusive selection requirements designed to select
D+

(s) → h+ℓ+ℓ− candidates are applied. Three tracks are required to be inconsistent with

originating from any PV, to have pT > 300 MeV/c and p > 2000 MeV/c. These tracks are
combined to form a good-quality vertex that is significantly displaced with respect to any
PV. For each electron track, a search is therefore made in the ECAL for bremsstrahlung
energy deposits around the extrapolated track direction before the magnet that are not
associated with any other charged tracks. The energy of any such deposit is added to
the electron energy that is derived from the measurements made in the tracking system.
Bremsstrahlung photons can be added to none, either, or both of the final-state e+ and
e− candidates. The invariant mass of the reconstructed final state particles is required
to fall within 200 MeV/c2 of the known D+ mass [9]. The angle between the momentum
vector of the charm meson candidate and the line connecting the PV to the decay vertex
must be less than 14 mrad. To select the ϕ → ℓ+ℓ− decay, a dilepton mass window of
990 – 1050 MeV/c2 for muons and 870 – 1110 MeV/c2 for electrons is applied.

The trigger strategy for the normalisation mode B+ → K+J/ψ is an inclusive selection
that forms two- and three-track combinations with a high-quality vertex that is significantly
displaced from any PV. The B+ → K+J/ψ candidates are then built offline, requiring
that a well-identified kaon is combined with two leptons to form a high-quality vertex.
These candidates must be consistent with originating from a PV and their decay vertex
must be significantly displaced from that PV. In order to select the J/ψ resonance, the
dilepton invariant mass is required to be between 2946 – 3176 MeV/c2 for muons and
2450 – 3600 MeV/c2 for electrons.

The offline selection encompasses invariant mass vetoes and multivariate analysis
techniques. Doubly misidentified background from D+ → K−π+π+ decays, where a kaon
and a pion are reconstructed as electrons, is rejected by removing candidates that have
a K−π+π+ invariant mass within 30 MeV/c2 of the D+ mass [9]. Background sources
coming from doubly misidentified D+

(s) → π+π−π+ decays with two pions misidentified as

electrons are reduced by the use of particle-identification (PID) criteria. The remaining
contamination from this source is included in the fit used to determine the signal yield
as described in Sect. 4. A kinematic fit that constrains the dilepton invariant mass to
the known ϕ (J/ψ) mass [9] is performed to each candidate of the signal (normalisation)
mode. In the following, these quantities are referred to as mϕ(π+ℓ+ℓ−) and mJ/ψ(K+ℓ+ℓ−),
respectively. Their distributions are used to extract the signal and normalisation yields
via maximum-likelihood fits to the data and to define the sideband regions, summarised
in Table 1. The dominant source of background is combinatorial in nature, whereby the
tracks do not originate from a common particle decay. To reduce this background for both
signal and normalisation modes, separate Boosted Decision Tree (BDT) classifiers [28, 29]
are trained. The BDT classifiers use a combination of kinematic and geometric information
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Table 1: Signal (D+
(s) → π+ϕ) and normalisation (B+ → K+J/ψ(→ ℓ+ℓ−)) mode sideband mass

ranges. The variables mϕ(π
+ℓ+ℓ−) and mJ/ψ(K

+ℓ+ℓ−) are used for signal and normalisation
decays, respectively.

Decay mode mϕ(π+ℓ+ℓ−) mJ/ψ(K+ℓ+ℓ−)
[ MeV/c2] [ MeV/c2]

e+e−

µ+µ−
/∈ [1810,2040]
/∈ [1840,2000]

> 5580
> 5480

such as the final state impact parameters and kinematics. The most discriminating variable
for both signal and normalisation modes is the angle between the momentum vector of
the D+

(s) or B+ and the line connecting the PV with their decay vertices.
The requirement on the response of the BDT classifier for the signal mode is optimised

using the Punzi figure of merit [30] Ns/(σ/2 +
√
Nb), where σ = 5, Ns is the number of

signal candidates as determined from simulation, and Nb is the number of background
events extrapolated from the sideband regions for the signal modes. The efficiency for
the BDT classifier selection is 59.2% (70.8%) on the electron (muon) signal with a 92.8%
(85.4%) rejection rate for the electron (muon) background. To optimise the BDT classifier
response in normalisation mode decays, the metric Ns/

√
Nb is used instead. The use of

this metric results in a very pure sample, which simplifies kinematic comparisons between
data and simulation. The signal selection efficiency in this case is 99.2% (92.3%) on
the electron (muon) signal, with a 81.5% (87.0%) rejection rate for the electron (muon)
background.

4 Signal yield determination

The signal yield is determined in categories of the different run periods and trigger
conditions by means of a maximum-likelihood fit to the mϕ(π+ℓ+ℓ−) distributions of
the signal candidates. The ϕ mass constraint significantly improves the invariant-mass
resolution in the electron channels and leaves the muon channels largely unchanged. The
result of the fit is shown in Fig. 1.

The signal lineshapes for the electron modes are described by the sum of two Crystal
Ball functions [31] with common mean peak position and different width and tail pa-
rameters. The lineshapes are determined separately in three bremsstrahlung categories,
depending on whether none, one or both electrons are associated with bremsstrahlung
photons. The width and tail parameters of these distributions, as well as the fractions
of each bremsstrahlung category, are determined from simulation. In order to account
for residual differences in the signal shape between data and simulation, an offset in the
peak position and a scaling of the resolution are allowed to vary in the fits to the data.
The muon decay mode is described with a Gaussian and the sum of two Crystal Ball
functions. The shape parameters of these distributions are determined from simulation,
with an offset in the peak position and scaling of the resolution allowed.

The combinatorial background is expected to follow an exponential shape as a function
of the invariant mass in the case of the muon channel. However, due to the significantly
worse resolution of the dilepton invariant mass in the electron channel, the ϕmass constraint
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Figure 1: Distribution of the invariant mass mϕ(π
+ℓ+ℓ−) overlaid with the result of the fit

for candidates with (left) muon and (right) electron pairs in the final states. The dotted and
dot-dashed lines describe the signal contributions, while the solid areas represent the background
components.

induces a strong variation of the efficiency as a function of mϕ(π+ℓ+ℓ−) near the boundaries
of the π+ℓ+ℓ− invariant mass selection requirement (1770 – 2070 MeV/c2) in the trigger.
Therefore, the combinatorial background for the electron mode is parameterised by a
third-order polynomial. This parameterisation is verified on a sample of candidates with
leptons of same charge (same-sign) and a sample where the BDT classifier requirement is
inverted to favour the combinatorial background, as shown in Fig. 2 (left).

The dominant peaking background originates from D+
(s) → π+π−π+ decays, where

two pions are misidentified as either two muons or two electrons. Due to the narrow ϕ
mass window and the high rejection rate of the muon identification requirements, the
contribution from this source in the muon mode is negligible. In the electron case, the
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Figure 2: Left: distribution of the π+ℓ+ℓ− invariant mass of candidates obtained from selecting
final states with electrons of same charge (blue) or that fail the BDT requirement (orange).
Fit results using a third-order polynomial are overlaid. The overall normalisation is chosen
such that the two curves have the same area. Right: distribution of the invariant mass of
π+ℓ−ℓ+ candidates, after interpreting the leptons as pions, for candidates failing the electron
PID criteria. The reversed PID sample contains predominantly D+

(s) → π+π−π+events and a
fraction of combinatorial events.
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size and shape of this background are obtained by reversing the electron identification
requirements in data. A fit to the invariant-mass distribution of candidates that fail
the PID criteria is used to distinguish D+ and D+

s contributions from combinatorial
background in the reversed electron ID sample. The invariant mass is computed using
the relevant mass hypothesis for each track. The result of this fit is shown in Fig. 2
(right). The sPlot [32] weights resulting from this fit and the misidentification (misID)
probabilities from data are employed to translate the sample lineshape and yield to the
signal region, obtaining a model for the doubly misidentified background component. In
the signal-yield determination fit, the yield of this background component is constrained
using a Gaussian penalty function to the value obtained using the data-driven misID
probabilities. The validity of this procedure is verified with a dedicated study described
in Sect. 6.

The yields of the normalisation modes are determined via a maximum-likelihood fit to
the mJ/ψ(K+ℓ+ℓ−) distribution, as shown in Fig. 3. By analogy to the signal decays, the
mass is obtained with the dilepton invariant mass constrained to the known J/ψ mass. This
procedure vastly improves the resolution for both the electron and muon channels. The
lineshapes for the normalisation channels are described with the same parameterisation as
for the signal channels. Unlike the ϕ meson, the J/ψ meson has a negligible natural width
compared to the resolution, therefore the combinatorial background shape is unaffected
by the J/ψ mass constraint, and is described with an exponential function. Due to the
worse resolution of the electron channel, the dominant background in the electron mode
comes from partially reconstructed B(0,+) → K+π(−,0)J/ψ(→ e+e−) decays, where the
pion is not included in the B+ candidate. The lineshape of this component is obtained
from simulation, while its yield is free to float in the fit. A small contribution from
misidentified B+ → (J/ψ → ℓ+ℓ−)π+ background is included on the right-hand side of
both muon and electron signal peaks. Their shape is obtained from simulation and their
yield is constrained to the value obtained using the data-driven misID probabilities. The
small disagreement near 5400 MeV/c2 in the muon mode has a negligible impact on the
signal-yield determination.

The total yields are obtained summing over the fit results for different trigger categories
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Figure 3: Invariant mass distributions of the selected candidates for the (left)
B+ → K+J/ψ(→ e+e−) and (right) B+ → K+J/ψ(→ µ+µ−) modes, overlaid with the result of
the fit. The dotted lines describe the signal contribution and the solid areas represent each of
the background components described in the text.
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and run periods, and are summarised in Table 2. In the muon channel, the correlation
between the D+ → π+ϕ and D+

s → π+ϕ yields is negligible, while in the electron channel
the two yields are correlated by 30 – 45%, depending on the trigger category, due to the
worse mass resolution for electrons.

5 Efficiency calculation

The yields in Table 2 are used to compute R
(d,s)
ϕπ according to the definition

R
(d,s)
ϕπ =

N (d,s)(π+ϕ(→ µ+µ−))

N (d,s)(π+ϕ(→ e+e−))

ε(d,s)(π+ϕ(→ e+e−))

ε(d,s)(π+ϕ(→ µ+µ−))

/
rJ/ψ, (2)

where N (d,s)(X) and ε(d,s)(X) are the yields and efficiencies to detect the decay X initiated
by a D+

(s) meson. The relative electron to muon efficiencies for signal and normalisation
channels are determined from simulation. The efficiencies for each run period are obtained
from a direct sum over the efficiency in each trigger category. The total efficiency for
each channel is obtained by performing a luminosity-weighted average in the different run
periods and are combined with the yields in Table 2 to derive the final result.

The simulation has several data-driven corrections applied, largely following the
procedure used for the RK measurement described in Ref. [6], where each correction is
applied with respect to the preceding one.

Firstly, the tracking efficiency for electrons is determined using a tag-and-probe method
applied to a B+ → K+J/ψ(→ e+e−) sample [33]. The difference in tracking efficiency
between data and simulated samples, as a function of the pseudorapidity, the azimuthal
angle ϕ and the pT of the probe particle, is corrected for. The effect of these corrections
is less than 1%, reflecting the good agreement between simulation and data.

The PID efficiency is obtained from simulation using a set of control channels in
data that can be efficiently selected without the application of PID criteria. These
samples include the decays D∗+ → D0π+ for hadron identification and h → ℓ misID
and B+ → K+J/ψ(→ µ+µ−) for muon identification. The PID distribution in data is
obtained using the sPlot procedure [34] as a function of the muon transverse momentum
and pseudorapidity. The fraction of these distributions above the PID selection criteria
are then used as PID efficiencies determined from data. For the electron PID response,
the efficiencies are determined by refitting the signal B+ → K+J/ψ(→ e+e−) yield before

Table 2: Yields of the signal and normalisation decay modes obtained from the fits to the data.
The quoted uncertainty accounts for both statistical and systematic effects.

Decay mode Yield

D+ → π+ϕ(→ e+e−) 7 460 ± 140
D+ → π+ϕ(→ µ+µ−) 43 512 ± 220
D+
s → π+ϕ(→ e+e−) 16 740 ± 210

D+
s → π+ϕ(→ µ+µ−) 87 022 ± 300

B+ → K+J/ψ(→ e+e−) 638 600 ± 900
B+ → K+J/ψ(→ µ+µ−) 2 187 000 ± 1 500
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and after the PID selection in bins of kinematic variables and bremsstrahlung recovery
category, therefore taking into account differences in the background shape as a function
of the PID response. The correction due to the assumption of factorisation of per-electron
PID efficiencies is determined using simulation and is found to have a <0.1% effect on the
overall efficiency.

An initial set of corrections that are designed to account for the mis-modelling of the
production kinematics and vertex quality in the simulation are applied. These corrections
are obtained using the muon channels and applied to both muon and electron channels
after the PID and tracking corrections have been applied. The corrections comprise a
two-dimensional correction as a function of the B+ and D+

(s) transverse momentum and
pseudorapidity, followed by a one-dimensional correction to the quality of the fits to the
B+ and D+

(s) decay vertices. These corrections are applied iteratively to account for the
correlation between the vertex quality and the production kinematics. Only two iterations
are needed to obtain a satisfactory agreement in all three variables. The corrections to
the efficiencies discussed below are obtained after applying these initial corrections to the
simulation.

The largest efficiency difference between muons and electrons in the experiment
originates from the trigger, where the pT requirement for electrons is significantly more
restrictive than for muons. Even when combining the three electron trigger categories, the
total trigger efficiency of the electron channel is around 20% of the muon channel. The
normalisation channel is used to compare the trigger response between data and simulation,
via a tag-and-probe method. For example, the kaon from the B+ → K+J/ψ(→ e+e−)
decay, referred to as the tag, is required to pass a set of trigger requirements. The efficiency
of the electron trigger is then determined by the fraction of candidates where either of the
two electrons is also selected by the trigger. This efficiency is compared between data and
simulation as a function of the maximum pT of the two electrons, which is expected to
be the kinematic variable on which the electron trigger efficiency most strongly depends.
The efficiency for the hadron and muon triggers are determined in a similar way, as a
function of the pT of the kaon or muon. The discrepancy between measured and simulated
efficiencies to trigger independently of the signal, is corrected differently, depending on
the particle species that fired the trigger. For events triggered by any muon or hadron
that are not part of the signal candidate, the trigger efficiency is parametrised in terms of
the transverse momentum of the B meson, while for events triggered by an electron or a
photon which are not part of the signal, the maximum pT of the dilepton pair is used.

A final set of corrections is obtained to correct for any residual mismodelling of the
efficiencies as a function of the B+(D+

(s)) production kinematic and geometrical quantities.
Similar to the initial corrections, an iterative reweighting procedure is applied as a function
of the B+(D+

(s)) pT and pseudorapidity, the B+(D+
(s)) vertex-fit quality and the χ2

IP with

respect to the associated PV, where χ2
IP is defined as the difference in the vertex-fit χ2

of the PV reconstructed with and without the considered particle. These corrections
are obtained using the muon channels, and are assumed to be independent of the lepton
species and trigger category. This set of corrections is obtained after having accounted
for the mismodelling of the PID and trigger efficiencies in the electron modes as well,
enabling evaluation of the systematic uncertainty due to these assumptions.

Finally, the dilepton invariant mass distribution is compared between data and simula-
tion for B+ → K+J/ψ(→ e+e−) candidates. The dilepton invariant mass distribution of
simulated events is fitted with a double-sided Crystal Ball [31] function. This shape is
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Figure 4: Distributions of (top) m(e+e−) and (bottom) m(µ+µ−) for candidates selected in the
signal region of the (left) D+ (right) and D+

s ϕ-constrained invariant mass. The dotted lines
describe the signal contribution and the solid areas represent each of the background components
described in the text.

then used to fit the data distribution with the mean and scale parameters, representing
the mismatch between simulated and measured q2 resolution, allowed to vary in the fit.
These resolution parameters are determined as a function of the number of recovered
bremsstrahlung photons and the trigger category. Overall, the resolution in the data is
found to be 10 – 20% worse than in simulation, with a shift in the peak position of around
2 – 10 MeV/c2, depending on the trigger category. This resolution correction is applied
to the q2 and B+(D+

(s)) invariant mass distributions of both normalisation and signal
channels. This correction affects the shape of invariant mass distributions and therefore
the efficiency of the invariant-mass requirements. The correction is derived assuming that
the smearing parameters are independent of the electron pair momentum and the detector
occupancy. Due to the stringent requirement on the π+ℓ+ℓ− invariant mass in the trigger,
assumptions associated with the resolution in the electron channel constitute one of the
largest systematic uncertainties in the measurement.

A fit to the dilepton mass distribution without any kinematic constraints is shown in
Fig. 4 for signal candidates selected in a narrow mϕ(π+ℓ+ℓ−) window around the known
D+ and D+

s masses. The signal shape is divided into categories based on the number of
bremsstrahlung photons recovered, each modelled by a double-sided Crystal Ball function.
The parameters of these distributions are obtained from a fit to the smeared distributions
of simulated candidates. The agreement between the shapes obtained from simulation
and the data provides a validation of the resolution description at low q2.
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Table 3: Relative systematic uncertainties in percent affecting the measurements Rdϕπ and Rsϕπ.

Source Rd
ϕπ [%] Rs

ϕπ [%]

Resolution on q2 4.0 3.9
Event multiplicity 2.7 2.7
Simulation reweighting 1.5 1.2
Combinatorial background shape parametrisation 1.5 1.0
PID 0.8 0.8
Finite size of control samples 0.8 0.6
Trigger 0.3 0.3
Tracking 0.1 0.1
Background from doubly misidentified electrons 1.1 0.1

Total 5.5 5.1

6 Systematic uncertainties

A summary of the systematic uncertainties is given in Table 3. Systematic uncertainties
associated with the assumptions in the analysis are determined using variations of the
result under alternative methods. The standard deviation of these variations is assigned
as a systematic uncertainty. The systematic sources are assumed to be uncorrelated.

The assumptions used to correct the imperfect simulation of the dielectron q2 resolution
lead to the largest systematic uncertainty in the measurement. The nominal resolution
smearing parameters are assumed to be independent of the electron momenta. To account
for the systematic uncertainty arising from this assumption, the simulated q2 and B+(D+

(s))
distributions are corrected by measuring the resolution in data for the normalisation
channel as a function of the electron pair momentum. In addition, an alternative resolution
smearing procedure is used, which depends on the number of hits reconstructed in the
SPD. The sample is divided into three equally populated regions according to the number
of SPD hits, and separate smearing parameters are obtained for each region. Additional
uncertainties arising from the limited precision of the resolution parameters are found to
have a negligible effect.

The particle multiplicity is mismodelled in the simulation. For example, there are
around 10% fewer tracks per event and around 30% fewer hits in the SPD reconstructed in
simulation compared to the data. A systematic correction associated to this mismodelling
is determined by adding to the initial set of corrections a separate reweighting of three
different multiplicity proxies: the number of fully reconstructed tracks, the number of
primary vertices reconstructed in the VELO and the number of hits reconstructed in the
SPD. Although only weakly correlated between different lepton flavours, this leads to a
large systematic uncertainty due to the mismodelling of the SPD multiplicity and the
different production mechanisms for the signal and normalisation channels.

The final set of corrections is obtained from the muon channels and is applied coherently
to both electron and muon channels. A systematic uncertainty based on the assumption
that the corrections are independent of lepton flavour is determined by obtaining the
corrections from the B+ → K+J/ψ(→ e+e−) channel instead. An additional set of mixed
corrections is also derived, whereby the production corrections originate from the muon
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control channels and the vertex quality and IP χ2 originate from the electron control
channels, and are then applied to the signal channel. The impact of the trigger on the
weights applied to correct the simulation is determined by varying the trigger requirement
for the samples used in those corrections.

Three alternative methods for extracting the signal yields are adopted to determine
the systematic uncertainty arising from the combinatorial background parameterisation
for the electron mode. Firstly, the coefficients describing the combinatorial shape in the fit
are constrained to the values obtained from two independent proxies: a sample where the
two reconstructed leptons have the same charge and a sample where the BDT requirement
is reversed. Secondly, the assumption arising from the truncation of the polynomial is
relaxed by increasing it to fourth order.

Three systematic sources are considered for the determination of the PID efficiencies:
the binning scheme of the PID response as a function of the kinematic variables; the
dependence of the PID response on the trigger; and the assumption that the PID response
factorises between the two electrons. As the PID selection is highly efficient, these
assumptions result in a small systematic uncertainty. A comparably small uncertainty is
associated with the tracking efficiency corrections.

The limited size of the control samples used to derive corrections to the simulated
efficiencies gives rise to an associated systematic uncertainty. The impact of this is
determined by bootstrapping [35] the relevant samples and re-computing the associated
efficiencies. The 68% envelope of these repeated efficiency determinations is assigned as
the systematic uncertainty.

The systematic uncertainty associated with the trigger corrections originates from the
dependence on the requirement on the tag lepton used in the tag-and-probe method. This
is determined by varying this tag requirement, where the largest effects are seen in the
hadronic trigger category. The assumption that the trigger efficiencies factorise between
the two electrons is also determined by parameterising the trigger response as a function
of the distance between the electron clusters in the ECAL.

In the nominal signal-yield determination, the estimate of the doubly misidentified
background relies on the translation of this background source from the reversed PID
region to the signal PID region using the known PID efficiencies. An alternative procedure
that does not rely on this method is used to extract the signal yields, and the difference
between these results is taken as a systematic uncertainty. In the alternative signal
extraction procedure, the expected D+

(s) → π+π−π+contamination is obtained from a fit to
the πππ invariant-mass distribution for signal candidates selected in the signal PID region,
such that no translation across PID regions is needed. The result of the fit is shown in
Fig. 5. In this alternative approach, the contamination of doubly misidentified background
events is constrained to the one extracted from the nominal PID region fit. This leads to
a comparitavely larger systematic uncertainty for the D+ → π+ϕ mode compared to the
D+
s → π+ϕ decay as the misID background peaks in the vicinity of the D+ mass. The

small size of this systematic uncertainty confirms the accuracy of data-driven estimates of
the misidentified h→ e background sources in LFU analyses at low q2.
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Figure 5: Distribution of the invariant mass computed under the pion mass hypothesis for the
dielectron pair using track information only, for candidates passing the electron PID criteria.
The fit projection is superimposed, with dashed and dotted-dashed lines describing the signal
contributions, while solid light and dark blue areas represent misidentified D+

(s) → π+π−π+

components. In this variable the latter are clearly visible in data passing the electron PID
criteria.

7 Results and conclusion

The final results are

Rd
ϕπ = 1.026 ± 0.020 (stat) ± 0.056 (syst),

Rs
ϕπ = 1.017 ± 0.013 (stat) ± 0.051 (syst).

A combination of the ratios from the two charm hadron decays is obtained by performing
a weighted average of the two results, taking into account the correlations

Rϕπ = 1.022 ± 0.012 (stat) ± 0.048 (syst).

This result is combined with the existing ϕ→ e+e− branching fraction measurement of
(2.979 ± 0.033) × 10−4 [9] to obtain a measurement of

B(ϕ→ µ+µ−) = (3.045 ± 0.049 (stat) ± 0.148 (syst)) × 10−4,

This is the most precise measurement of this branching fraction to date.
These results are compatible with previous measurements [9] and with lepton flavour

universality at less than one standard deviation. Systematic uncertainties related to the
efficiency determination are larger than those in the RK and RK∗ analyses [1, 2] due
to the different production mechanism between the signal and normalisation channels
and restrictive invariant mass requirements in the trigger. This restriction only affects
the charm decays analysed in this measurement and can be improved in the future. In
addition, the variation of the measured value as a function of several kinematic variables
is shown in Fig. 6. No significant dependence on these variables is observed. Assuming
the fluctuations seen in these variables are attributed to a systematic effect, the maximum
deviation in the efficiency is found to be 2.5%, which shows that the efficiency of electrons
can be controlled at least at this level for low-mass di-electron signatures.
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Figure 6: Measured R
(d,s)
ϕπ as a function of the (top left) angle between the leptons α(ℓ+, ℓ−), and

(top right) the maximum pT of the leptons. The structure observed at intermediate maximum
pT is related to the trigger threshold. The errors shown are statistical only. Also shown is
the ratio of efficiency-corrected D+

(s) → π+ϕ and B+ → K+J/ψ(→ e+e−) yields as a function of

the (bottom left) transverse momentum recovered with the bremsstrahlung recovery algorithm
and (bottom right) its fraction with respect to the total transverse momentum of the electron.
The flatness of these distributions indicates that the bremsstrahlung recovery algorithm is well
reproduced in simulation at low q2. The normalisation of these distributions is arbitrary and
the uncertainties displayed are statistical only.

Similar to the RK(∗) measurements [1, 2], the single ratio of the normalisation channel
rJ/ψ is determined to cross-check the efficiency correction procedure. This is found to
be compatible with the SM at the level of 0.6 sigma and with previous analyses. Such
agreement is expected, as a very similar correction procedure is applied in this case.

In summary, the branching fraction ratio B(ϕ→ µ+µ−)/B(ϕ→ e+e−) is determined
with D+ → π+ϕ and D+

s → π+ϕ decays, using a dataset corresponding to an integrated
luminosity of 5.4 fb−1 of pp collision data collected with the LHCb experiment. The results
are consistent with the Standard Model and with previous measurements. This is the first
lepton flavour universality test in ϕ meson decays at the LHCb experiment. It probes
a unique kinematic region and is crucial for understanding the experimental features of
low-mass dileptons in the LHCb environment.
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31INFN Sezione di Perugia, Perugia, Italy
32INFN Sezione di Pisa, Pisa, Italy

21

https://orcid.org/0000-0002-1915-9543
https://orcid.org/0000-0002-7865-2856
https://orcid.org/0000-0002-9392-6157
https://orcid.org/0000-0002-9283-4541
https://orcid.org/0000-0003-1828-3881
https://orcid.org/0000-0001-9905-8031
https://orcid.org/0000-0002-2100-0726
https://orcid.org/0000-0002-4258-4062
https://orcid.org/0000-0001-6104-1496
https://orcid.org/0000-0002-7235-6976
https://orcid.org/0000-0001-6759-2504
https://orcid.org/0000-0003-0133-1664
https://orcid.org/0000-0002-5909-1379
https://orcid.org/0000-0001-6041-115X
https://orcid.org/0000-0001-7542-3073
https://orcid.org/0000-0002-6391-2205
https://orcid.org/0000-0002-3281-8136
https://orcid.org/0000-0001-6711-4465
https://orcid.org/0000-0003-4062-710X
https://orcid.org/0000-0002-6915-6607
https://orcid.org/0000-0002-2629-4735
https://orcid.org/0000-0002-2399-7646
https://orcid.org/0000-0001-9565-8312
https://orcid.org/0000-0003-3979-4330
https://orcid.org/0000-0002-5041-7651
https://orcid.org/0000-0003-0597-4878
https://orcid.org/0000-0003-4410-6889
https://orcid.org/0000-0003-4160-9333
https://orcid.org/0000-0002-8142-4678
https://orcid.org/0000-0002-4113-1539
https://orcid.org/0000-0001-6116-3944
https://orcid.org/0000-0002-4589-2626
https://orcid.org/0000-0002-5121-6923
https://orcid.org/0000-0002-2142-3673
https://orcid.org/0000-0002-1023-1086
https://orcid.org/0000-0002-4149-4137
https://orcid.org/0000-0001-5255-0619
https://orcid.org/0000-0001-6561-2145
https://orcid.org/0000-0001-8285-3346
https://orcid.org/0000-0001-5448-4213
https://orcid.org/0000-0002-2675-3567
https://orcid.org/0000-0002-5552-0842
https://orcid.org/0000-0001-5765-6308
https://orcid.org/0000-0002-8317-385X
https://orcid.org/0000-0001-9178-9921
https://orcid.org/0000-0002-9839-4065
https://orcid.org/0000-0003-4077-6295
https://orcid.org/0000-0003-4543-8121
https://orcid.org/0000-0002-9337-3476
https://orcid.org/0000-0002-4282-0977
https://orcid.org/0000-0003-3192-0486
https://orcid.org/0000-0002-2699-2189
https://orcid.org/0000-0002-9700-3448
https://orcid.org/0000-0001-5012-4069
https://orcid.org/0000-0002-8521-1688
https://orcid.org/0000-0001-6950-5865
https://orcid.org/0000-0003-2800-1438
https://orcid.org/0000-0002-0241-5184
https://orcid.org/0000-0001-8885-565X
https://orcid.org/0000-0002-7531-6873
https://orcid.org/0000-0001-9558-1079
https://orcid.org/0000-0001-9602-4901
https://orcid.org/0009-0002-2675-4022
https://orcid.org/0000-0003-2505-0365
https://orcid.org/0000-0002-7481-3149
https://orcid.org/0000-0002-8917-2620
https://orcid.org/0000-0003-2937-9782
https://orcid.org/0000-0003-0572-2021
https://orcid.org/0000-0002-8771-0579
https://orcid.org/0000-0001-9869-5290
https://orcid.org/0000-0001-6977-8257
https://orcid.org/0000-0002-4393-2567
https://orcid.org/0000-0003-1230-3300
https://orcid.org/0000-0003-0468-3083
https://orcid.org/0000-0003-1714-9218
https://orcid.org/0000-0002-4655-715X
https://orcid.org/0000-0002-1701-9619
https://orcid.org/0000-0001-9717-1751
https://orcid.org/0000-0002-9865-8964
https://orcid.org/0000-0002-8826-9113
https://orcid.org/0000-0001-6010-8556
https://orcid.org/0000-0003-2279-8837
https://orcid.org/0000-0002-9794-4088
https://orcid.org/0000-0002-2385-0767
https://orcid.org/0000-0002-0157-188X
https://orcid.org/0000-0001-6346-8872
https://orcid.org/0000-0002-8185-3771
https://orcid.org/0000-0003-1237-4491
https://orcid.org/0000-0002-2344-9412
https://orcid.org/0000-0001-7647-7110
https://orcid.org/0000-0003-0322-9858
https://orcid.org/0000-0002-3804-9948
https://orcid.org/0009-0005-9485-9477
https://orcid.org/0000-0003-2035-3391
https://orcid.org/0000-0002-9812-4508
https://orcid.org/0000-0003-0609-6456
https://orcid.org/0000-0002-9573-4570
https://orcid.org/0000-0002-4485-1478
https://orcid.org/0000-0002-9211-3867
https://orcid.org/0000-0003-0159-291X
https://orcid.org/0000-0002-6227-3368
https://orcid.org/0000-0003-0038-5038
https://orcid.org/0000-0002-1478-4593
https://orcid.org/0000-0002-5972-6290


33INFN Sezione di Roma La Sapienza, Roma, Italy
34INFN Sezione di Roma Tor Vergata, Roma, Italy
35Nikhef National Institute for Subatomic Physics, Amsterdam, Netherlands
36Nikhef National Institute for Subatomic Physics and VU University Amsterdam, Amsterdam,
Netherlands
37AGH - University of Krakow, Faculty of Physics and Applied Computer Science, Kraków, Poland
38Henryk Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences, Kraków, Poland
39National Center for Nuclear Research (NCBJ), Warsaw, Poland
40Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest-Magurele, Romania
41Affiliated with an institute covered by a cooperation agreement with CERN
42DS4DS, La Salle, Universitat Ramon Llull, Barcelona, Spain
43ICCUB, Universitat de Barcelona, Barcelona, Spain
44Instituto Galego de F́ısica de Altas Enerx́ıas (IGFAE), Universidade de Santiago de Compostela,
Santiago de Compostela, Spain
45Instituto de Fisica Corpuscular, Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain
46European Organization for Nuclear Research (CERN), Geneva, Switzerland
47Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland
48Physik-Institut, Universität Zürich, Zürich, Switzerland
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oUniversità di Milano Bicocca, Milano, Italy
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qUniversità di Perugia, Perugia, Italy
rScuola Normale Superiore, Pisa, Italy
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