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Fit to muons

2

]2c) [MeV/−µ+µ−π+K(m
5200 5400 5600 5800

2 c
C

an
di

da
te

s p
er

 1
0 

M
eV

/

10

20

30

40

50

60

70

80

90
LHCb

Signal
Combinatorial

]4c/2[GeV<1.1 20.045<q

]2c) [MeV/−µ+µ−π+K(m
5200 5400 5600 5800

Pu
lls

5−

0

5
]2c) [MeV/−µ+µ−π+K(m

5200 5400 5600 5800

2 c
C

an
di

da
te

s p
er

 1
0 

M
eV

/

10

20

30

40

50

60

70

80
LHCb

Signal
Combinatorial

]4c/2[GeV<6.0 21.1<q

]2c) [MeV/−µ+µ−π+K(m
5200 5400 5600 5800

Pu
lls

5−

0

5

]2c) [MeV/−µ+µ−π+K(m
5200 5400 5600 5800

2 c
C

an
di

da
te

s p
er

 1
0 

M
eV

/

10000

20000

30000

40000

50000

60000 LHCb
Signal
Combinatorial

)−µ+µ→(ψ/Jp+K→0bΛ

)−µ+µ→(ψ/J0*K→0sB

]2c) [MeV/−µ+µ−π+K(m
5200 5400 5600 5800

Pu
lls

5−

0

5

Figure 3: Fit to the m(K+⇡�µ+µ�) invariant mass of (top) B0! K⇤0µ+µ� and (bottom)
B0! K⇤0J/ (! µ+µ�) candidates. The dashed line is the signal PDF, the shaded shapes are
the background PDFs and the solid line is the total PDF.

bremsstrahlung in the detector. Bin migration amounts to about 1% and 5% in the low-370

and central-q2 regions, respectively.371

The e�ciency ratios between the nonresonant and the resonant modes, "`+`�/"J/ (`+`�)

,372

which directly enter in the RK⇤0 measurement, are reported in Table 3. Due to strong373

dependence of the hardware trigger on the decay kinematics, the ratio of the L0H trigger374

category is largest.375

9 Cross-checks376

A large number of cross-checks were performed before unblinding the result and these are377

discussed below.378

• The control of the absolute scale of the e�ciencies is tested by measuring the ratio379

of the branching fraction of the muon and electron resonant channels380

rJ/ =
B(B0! K⇤0J/ (! µ+µ�))

B(B0! K⇤0J/ (! e+e�))
,
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Fit to electrons
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Figure 4: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� and (bottom)
B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal PDF, the shaded shapes are
the background PDFs and the solid line is the total PDF.

Table 3: E�ciency ratios between the nonresonant and resonant modes, "`+`�/"J/ (`+`�)

, for the
muon and electron channels. The uncertainties are statistical only.

"`+`�/"J/ (`+`�)

low-q2 central-q2

µ+µ� 0.679 ± 0.009 0.584 ± 0.006

e+e� (L0E) 0.539 ± 0.013 0.522 ± 0.010

e+e� (L0H) 2.252 ± 0.098 1.627 ± 0.066

e+e� (L0I) 0.789 ± 0.029 0.595 ± 0.020

which is expected to be equal to unity. This quantity represents an extremely381

stringent test, as it does not benefit from the large cancellation of the experimental382

systematic e↵ects provided by the double ratio. The rJ/ ratio is measured to383

be 1.043 ± 0.006 ± 0.045, where the first uncertainty is statistical and the second384
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Figure 2: Mass distributions with fit projections overlaid of selected B+! J/ (! e+e�)K+ candidates
triggered in the hardware trigger by (a) one of the two electrons, (b) by the K+ and (c) by other particles
in the event. Mass distributions with fit projections overlaid of selected B+! K+e+e� candidates in the
same categories, triggered by (d) one of the two electrons, (e) the K+ and (f) by other particles in the
event. The total fit model is shown in black, the combinatorial background component is indicated by the
dark shaded region and the background from partially reconstructed b-hadron decays by the light shaded
region.

The results of the fits for the B+! J/ (! e+e�)K+ and B+! K+e+e� channels are shown
in Fig. 2. In total there are 172+20

�19

(62 324± 318) B+! K+e+e� (B+! J/ (! e+e�)K+) decays
triggered by the electron trigger, 20+16

�14

(9 337± 124) decays triggered by the hadron trigger and
62± 13 (16 796± 165) decays that were triggered by other particles in the event.

It is possible for B+ ! K+e+e� decays that emit bremsstrahlung to migrate out of the
1 < q2 < 6GeV2/c4 range at the lower edge and in from the upper edge. The e↵ect of this
bin migration on the yield is determined using B+ ! K+e+e� simulation and validated with
B+ ! J/ (! e+e�)K+ data. The corresponding uncertainty due to the dependence of the
branching fraction on non-SM contributions is estimated by independantly varying the B+ ! K+

form factors and by adjusting the Wilson coe�cients [19]. The overall yield of B+ ! K+e+e�

is scaled by (90.9± 1.5)% to account for this migration, where the uncertainty is mainly due to
the model dependence. The quality of the fits to the mass distribution of K+`+`� candidates is
investigated and found to be acceptable.

The systematic dependence of the signal yield on the signal model is considered negligible for
the muon modes due to the excellent dimuon mass resolution at LHCb [20]. The proportion of the
partially reconstructed backgrounds is changed based on the measurements of the B+! (J/ !
e+e�)K+X contribution in Refs. [21, 22] and contributes a systematic uncertainty of 1.6% to
the value of R

K

. The uncertainty in the signal model for the B+! K+e+e� mass distribution
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Figure 2: Mass distributions with fit projections overlaid of selected B+! J/ (! e+e�)K+ candidates
triggered in the hardware trigger by (a) one of the two electrons, (b) by the K+ and (c) by other particles
in the event. Mass distributions with fit projections overlaid of selected B+! K+e+e� candidates in the
same categories, triggered by (d) one of the two electrons, (e) the K+ and (f) by other particles in the
event. The total fit model is shown in black, the combinatorial background component is indicated by the
dark shaded region and the background from partially reconstructed b-hadron decays by the light shaded
region.

The results of the fits for the B+! J/ (! e+e�)K+ and B+! K+e+e� channels are shown
in Fig. 2. In total there are 172+20

�19

(62 324± 318) B+! K+e+e� (B+! J/ (! e+e�)K+) decays
triggered by the electron trigger, 20+16

�14

(9 337± 124) decays triggered by the hadron trigger and
62± 13 (16 796± 165) decays that were triggered by other particles in the event.

It is possible for B+ ! K+e+e� decays that emit bremsstrahlung to migrate out of the
1 < q2 < 6GeV2/c4 range at the lower edge and in from the upper edge. The e↵ect of this
bin migration on the yield is determined using B+ ! K+e+e� simulation and validated with
B+ ! J/ (! e+e�)K+ data. The corresponding uncertainty due to the dependence of the
branching fraction on non-SM contributions is estimated by independantly varying the B+ ! K+

form factors and by adjusting the Wilson coe�cients [19]. The overall yield of B+ ! K+e+e�

is scaled by (90.9± 1.5)% to account for this migration, where the uncertainty is mainly due to
the model dependence. The quality of the fits to the mass distribution of K+`+`� candidates is
investigated and found to be acceptable.

The systematic dependence of the signal yield on the signal model is considered negligible for
the muon modes due to the excellent dimuon mass resolution at LHCb [20]. The proportion of the
partially reconstructed backgrounds is changed based on the measurements of the B+! (J/ !
e+e�)K+X contribution in Refs. [21, 22] and contributes a systematic uncertainty of 1.6% to
the value of R

K

. The uncertainty in the signal model for the B+! K+e+e� mass distribution
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Figure 4: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� and (bottom)
B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal PDF, the shaded shapes are
the background PDFs and the solid line is the total PDF.

Table 3: E�ciency ratios between the nonresonant and resonant modes, "`+`�/"J/ (`+`�)

, for the
muon and electron channels. The uncertainties are statistical only.

"`+`�/"J/ (`+`�)

low-q2 central-q2

µ+µ� 0.679 ± 0.009 0.584 ± 0.006

e+e� (L0E) 0.539 ± 0.013 0.522 ± 0.010

e+e� (L0H) 2.252 ± 0.098 1.627 ± 0.066

e+e� (L0I) 0.789 ± 0.029 0.595 ± 0.020

which is expected to be equal to unity. This quantity represents an extremely381

stringent test, as it does not benefit from the large cancellation of the experimental382

systematic e↵ects provided by the double ratio. The rJ/ ratio is measured to383

be 1.043 ± 0.006 ± 0.045, where the first uncertainty is statistical and the second384
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RK and RK* results
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Figure 5: Distributions of the RK⇤0 delta log-likelihood for the three trigger categories separately
and combined.

selection criteria, to the residual background, to the fit to the invariant mass and to bin483

migration.484

11 Results485

The determination of RK⇤0 exploits the log-likelihoods provided as results of the fits486

to the invariant mass distributions of the nonresonant and resonant channels in each487

trigger category and q2 region. Each log-likelihood is used to construct the PDF of the488

true number of events, which is used as prior to obtain the PDF of RK⇤0 . The three489

electron trigger categories are combined by summing the corresponding log-likelihoods.490

Uncorrelated systematic uncertainties are accounted for by convoluting the yield PDFs491

with a Gaussian distribution of appropriate width. Correlated systematic uncertainties492

are treated by convoluting the RK⇤0 PDF with a Gaussian distribution. The one, two and493

three standard deviation intervals are determined as the ranges that include 68%, 95%494

and 99.7% of the PDF. In each q2 region, the measured values of RK⇤0 are found to be495

in good agreement among the three electron trigger categories (see Fig. 5). The results496

are given in Table 5 and presented in Fig. 6, compared to both the SM predictions (see497

Table 1) and previous measurements from the B factories [4, 5].498

The combined RK⇤0 PDF is used to determine the compatibility with the SM expec-499

tations. The p-value, calculated by integrating the PDF above the expected value, is500

translated into a number of standard deviations. The compatibility with the SM expecta-501

tions [26–35] is determined to be 2.1–2.3 and 2.4–2.5 standard deviations, for the low-q2502

and the central-q2 regions, respectively, depending on the theory prediction used.503
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Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95% and 99.7% confidence level (CL) intervals include both the statistical and
systematic uncertainties.

low-q2 central-q2

RK⇤0 0.660 + 0.110
� 0.070 ± 0.028 0.685 + 0.113

� 0.069 ± 0.047

95% CL [0.517, 0.891] [0.530, 0.935]

99.7% CL [0.454, 1.042] [0.462, 1.100]
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Figure 6: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predictions:
(orange) [26] (blue) [27–29], (green) [30,31], (red) [32–34] and (magenta) [35]. The predictions
are displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonia resonances are not represented.

12 Conclusions504

This paper reports a test of lepton universality performed by measuring the ratio of the505

branching fractions of the decays B0! K⇤0µ+µ� and B0! K⇤0e+e�. The K⇤0 meson506

is reconstructed in the final state K+⇡� and required to have an invariant mass within507

100 MeV/c2 of the known K⇤(892)0 mass. Data corresponding to an integrated luminosity508

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are509

used. The RK⇤0 ratio is measured in two regions of the di-lepton invariant mass squared510

to be511

RK⇤0 =

(
0.660 + 0.110

� 0.070 (stat) ± 0.028 (syst) for 0.045 < q2 < 1.1 GeV2/c4 ,

0.685 + 0.113
� 0.069 (stat) ± 0.047 (syst) for 1.1 < q2 < 6.0 GeV2/c4 .
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Crosschecks
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Figure C.1: (hatched) Background-subtracted q2 distributions for (blue) B0! K⇤0µ+µ� and
(orange) B0! K⇤0e+e� candidates, compared to (full line) simulation. The distributions are
normalised to the same area. The hatched areas correspond to the statistical uncertainties only.
The data are not e�ciency corrected.
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Figure C.2: (hatched) Background-subtracted distributions of the K+⇡� invariant mass for (blue)
B0! K⇤0µ+µ� and (orange) B0! K⇤0e+e� candidates, compared to (full line) simulation. The
distributions are normalised to the same area. The hatched areas correspond to the statistical
uncertainties only. The data are not e�ciency corrected.
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Figure C.1: (hatched) Background-subtracted q2 distributions for (blue) B0! K⇤0µ+µ� and
(orange) B0! K⇤0e+e� candidates, compared to (full line) simulation. The distributions are
normalised to the same area. The hatched areas correspond to the statistical uncertainties only.
The data are not e�ciency corrected.
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Figure C.2: (hatched) Background-subtracted distributions of the K+⇡� invariant mass for (blue)
B0! K⇤0µ+µ� and (orange) B0! K⇤0e+e� candidates, compared to (full line) simulation. The
distributions are normalised to the same area. The hatched areas correspond to the statistical
uncertainties only. The data are not e�ciency corrected.
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Figure C.3: (hatched) Background-subtracted distributions of the opening angle between the
two leptons, ✓

ll

, for (blue) B0! K⇤0µ+µ� and (orange) B0! K⇤0e+e� candidates, compared
to (full line) simulation. The distributions are normalised to the same area. The hatched areas
correspond to the statistical uncertainties only. The data are not e�ciency corrected.
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Figure C.4: (hatched) Background-subtracted distributions of the opening angle between the two
leptons, ✓

ll

, for B0! K⇤0µ+µ� candidates with q2 in the range [0.045, 0.1]GeV2/c4, compared
to (full line) simulation. The distributions are normalised to the same area. The hatched areas
correspond to the statistical uncertainties only. The data are not e�ciency corrected.
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Figure C.5: (hatched) Background-subtracted distributions of the distance between the K+⇡�

and `+`� vertices, zvtx
ll

�zvtxK⇡, for (blue) B
0! K⇤0µ+µ� and (orange) B0! K⇤0e+e� candidates,

compared to (full line) simulation. The distributions are normalised to the same area. The
hatched areas correspond to the statistical uncertainties only. The data are not e�ciency
corrected.
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