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Outline
This talk will focus on a much-anticipated recent result from LHCb…

… and briefly explore upcoming measurements in this area.
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Search for Lepton-Universality Violation in B + → K +l+l− Decays

R. Aaij et al.*

(LHCb Collaboration)
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A measurement of the ratio of branching fractions of the decays Bþ → Kþμþμ− and Bþ → Kþeþe− is
presented. The proton-proton collision data used correspond to an integrated luminosity of 5.0 fb−1 recorded
with the LHCb experiment at center-of-mass energies of 7, 8, and 13 TeV. For the dilepton mass-squared
range 1.1 < q2< 6.0 GeV2=c4 the ratio of branching fractions is measured to be RK ¼ 0.846þ0.060

−0.054
þ0.016
−0.014 ,

where the first uncertainty is statistical and the second systematic. This is the most precise measurement ofRK

to date and is compatible with the standard model at the level of 2.5 standard deviations.

DOI: 10.1103/PhysRevLett.122.191801

Decays involving b → slþl− transitions, where l rep-
resents a lepton, are mediated by flavor-changing neutral
currents. Such decays are suppressed in the standard model
(SM), as they proceed only through amplitudes that involve
electroweak loop diagrams. These processes are sensitive to
virtual contributions from new particles, which could have
masses that are inaccessible to direct searches for reso-
nances, even at Large Hadron Collider experiments.
Theoretical predictions for exclusive b → slþl− decays

rely on the calculation of hadronic effects, and recent
measurements have therefore focused on quantities where
the uncertainties from such effects are reduced to some
extent, such as angular observables and ratios of branching
fractions. The results of the angular analysis of the decay
B0 → K#0μþμ− [1–9] and measurements of the branching
fractions of several b → slþl− decays [10–13] are in some
tension with SM predictions [14–19]. However, the treat-
ment of the hadronic effects in the theoretical predictions is
still the subject of considerable debate [20–30].
The electroweak couplings of all three charged leptons

are identical in the SM and, consequently, the decay
properties (and the hadronic effects) are expected to be
the same up to corrections related to the lepton mass,
regardless of the lepton flavor (referred to as lepton
universality). The ratio of branching fractions for B →
Hμþμ− and B → Heþe− decays, where H is a hadron, can
be predicted precisely in an appropriately chosen range of
the dilepton mass squared q2min < q2< q2max [31,32]. This
ratio is defined by

RH ¼

R q2max
q2min

dΓ½B→Hμþμ−%
dq2 dq2

R q2max
q2min

dΓ½B→Heþe−%
dq2 dq2

; ð1Þ

where Γ is the q2-dependent partial width of the decay. In
the range 1.1 < q2< 6.0 GeV2=c4, such ratios are pre-
dicted to be unity withOð1%Þ precision [33]. The inclusion
of charge-conjugate processes is implied throughout this
Letter.
The most precise measurements of RK in the region

1.0 < q2< 6.0 GeV2=c4 and RK#0 in the regions 0.045 <
q2< 1.1 GeV2=c4 and 1.1 < q2< 6.0 GeV2=c4 have
been made by the LHCb collaboration and, depending
on the theoretical prediction used, are 2.6 [34], 2.1–2.3, and
2.4–2.5 standard deviations [35] below their respective SM
expectations [20,21,33,36–43]. These tensions and those
observed in the angular and branching-fraction measure-
ments can all be accommodated simultaneously in models
with an additional heavy neutral gauge boson [44–47] or
with leptoquarks [48–52].
This Letter presents the most precise measurement of the

ratio RK in the range 1.1 < q2< 6.0 GeV2=c4. The analy-
sis is performed using 5.0 fb−1 of proton-proton collision
data collected with the LHCb detector during three data-
taking periods in which the center-of-mass energy of the
collisions was 7, 8, and 13 TeV. The data were taken in the
years 2011, 2012, and 2015–2016, respectively. Compared
to the previous LHCb RK measurement [34], the analysis
benefits from a larger data sample (an additional 2.0 fb−1

collected in 2015–2016) and an improved reconstruction;
moreover, the lower limit of the q2 range is increased, in
order to be compatible with other LHCb b → slþl−

analyses and to suppress further the contribution from
Bþ → ϕð→ lþl−ÞKþ decays. The results supersede those
of Ref. [34].
Throughout this Letter, Bþ → Kþlþl− refers only to

decays with 1.1 < q2< 6.0 GeV2=c4, which are denoted
nonresonant, whereas Bþ → J=ψð→ lþl−ÞKþ decays are
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Why B→K l+ l– decays?
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Why tests of lepton universality?
Semi-leptonic b→sl+l– decays are theoretically challenging due to hadronic uncertainties. BUT
ratio of branching fractions:

𝑅* ≡
∫-./01
-.231 𝑑Γ 𝐵7 → 𝐾7𝜇7𝜇:

𝑑𝑞< 𝑑𝑞<

∫-./01
-.231 𝑑Γ 𝐵7 → 𝐾:𝑒7𝑒:

𝑑𝑞< 𝑑𝑞<

cancels hadronic uncertainties, allowing precise predictions. In the SM RK =1 to within 1% for 
1.1 < 𝑞< < 6 GeV< [Eur.Phys.J. C76 (2016) no.8, 440], which excludes charmonium resonances. 
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Why tests of lepton universality?
Semi-leptonic b→sl+l– decays are theoretically challenging due to hadronic uncertainties. BUT
ratio of branching fractions:

𝑅* ≡
∫-./01
-.231 𝑑Γ 𝐵7 → 𝐾7𝜇7𝜇:

𝑑𝑞< 𝑑𝑞<

∫-./01
-.231 𝑑Γ 𝐵7 → 𝐾:𝑒7𝑒:

𝑑𝑞< 𝑑𝑞<

cancels hadronic uncertainties, allowing precise predictions. In the SM RK =1 to within 1% for 
1.1 < 𝑞< < 6 GeV< [Eur.Phys.J. C76 (2016) no.8, 440], which excludes charmonium resonances. 

Well known tensions in rare B decays from LHCb:

𝑅*D 1 < 𝑞</GeV< < 6 = 0.745:K.KLM7K.KNK stat ± 0.035 syst

𝑅*∗V 0.045 < 𝑞</GeV< < 1.1 = 0.66:K.KL7K.WW stat ± 0.03 syst
𝑅*∗V 1.1 < 𝑞</GeV< < 6.0 = 0.69:K.KL7K.WW stat ± 0.05 syst
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Why tests of lepton universality?
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Tensions in other observables:

𝑅Y(∗) ≡
BF 𝐵 → 𝐷(∗)𝜏𝜈a
BF 𝐵 → 𝐷(∗)𝜇𝜈b

with world-average of D+, D0 and D* 
results showing 3.08σ tension with SM.  

HFLAV (2019)

https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
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Tensions in other observables:

𝑅Y(∗) ≡
BF 𝐵 → 𝐷(∗)𝜏𝜈a
BF 𝐵 → 𝐷(∗)𝜇𝜈b

with world-average of D+, D0 and D* 
results showing 3.08σ tension with SM.  

Also:

2BF 𝑊 → 𝜏𝜈a
BF 𝑊 → 𝑒𝜈e + BF 𝑊 → 𝜇𝜈b

= 1.066 ± 0.025

~2.6σ tension with SM.

HFLAV (2019)

Phys.Rept. 532 (2013) 119-244

https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
https://doi.org/10.1016/j.physrep.2013.07.004


Anomalies in b→sμ+μ–

Also…
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Figure 2: Di↵erential branching fraction results for the B+
! K+µ+µ�, B0

! K0µ+µ� and
B+

! K⇤+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+
! K⇤+µ+µ� it is 15� 19GeV2/c4.

Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+
! K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0
! K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+
! K⇤+µ+µ� 15.8 +3.2

�2.9 ± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.
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Table 1: The signal yields for B0
s ! �µ+µ� decays, as well as the di↵erential branching fraction

relative to the normalisation mode and the absolute di↵erential branching fraction, in bins of q2.
The given uncertainties are (from left to right) statistical, systematic, and the uncertainty on the
branching fraction of the normalisation mode.

q2 bin [GeV2/c4] N�µµ
dB(B0

s!�µµ)
B(B0

s!J/ �)dq2 [10�5GeV�2c4] dB(B0
s!�µ+µ�)
dq2 [10�8GeV�2c4]

0.1 < q2 < 2.0 85+11
�10 5.44+0.68

�0.64 ± 0.13 5.85+0.73
�0.69 ± 0.14± 0.44

2.0 < q2 < 5.0 60+10
�9 2.38+0.39

�0.37 ± 0.06 2.56+0.42
�0.39 ± 0.06± 0.19

5.0 < q2 < 8.0 83+12
�11 2.98+0.41

�0.39 ± 0.07 3.21+0.44
�0.42 ± 0.08± 0.24

11.0 < q2 < 12.5 70+10
�10 4.37+0.64

�0.61 ± 0.14 4.71+0.69
�0.65 ± 0.15± 0.36

15.0 < q2 < 17.0 83+10
�10 4.20+0.53

�0.50 ± 0.11 4.52+0.57
�0.54 ± 0.12± 0.34

17.0 < q2 < 19.0 54+8
�7 3.68+0.53

�0.50 ± 0.13 3.96+0.57
�0.54 ± 0.14± 0.30

1.0 < q2 < 6.0 101+13
�12 2.40+0.30

�0.29 ± 0.07 2.58+0.33
�0.31 ± 0.08± 0.19

15.0 < q2 < 19.0 136+13
�13 3.75+0.37

�0.35 ± 0.12 4.04+0.39
�0.38 ± 0.13± 0.30
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Figure 4: Di↵erential branching fraction of the decay B0
s ! �µ+µ�, overlaid with SM predic-

tions [4,5] indicated by blue shaded boxes. The vetoes excluding the charmonium resonances are
indicated by grey areas.

measurement is evaluated by varying the Wilson coe�cient C9 used in the generation
of simulated signal events. By allowing a New Physics contribution of �1.5, which is
motivated by the global fit results in Ref. [38], the resulting systematic uncertainty is
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𝐵gK → 𝜙K𝜇7𝜇:
J
H
E
P
0
4
(
2
0
1
7
)
1
4
2

796 < mKπ < 996MeV/c2 for the normalisation modes. The second error was to perform

the calculation of the efficiency of the signal process in the region 796 < mKπ < 996MeV/c2

instead of 644 < mKπ < 1200MeV/c2. This has now been corrected, resulting in a correc-

tion factor with a weak q2 dependence. This correction factor varies between 0.89 in the

lowest q2 bin, rising to 0.95 in the highest q2 bin due to the reduced available phasespace.

Having resolved both issues, the corrected results for the differential branching fraction

in the q2 region 1.1 < q2 < 6.0GeV2/c4 is

dB/dq2 =
(
0.342+0.017

−0.017(stat)± 0.009(syst)± 0.023(norm)
)
× 10−7c4/GeV2.

This number should replace the differential branching fraction appearing in the abstract

of ref. [1].

The integrated branching fraction of B0→ K∗(892)0µ+µ− decay is

B
(
B0→ K∗(892)0µ+µ−) =

(
0.904+0.016

−0.015 ± 0.010± 0.006± 0.061
)
× 10−6,

where the uncertainties, from left to right, are statistical, systematic, from the extrapolation

to the full q2 region and due to the uncertainty of the branching fraction of the normalisation

mode. This number should replace the integrated differential branching fraction appearing

at the bottom of section 7 of the original paper.

All other text remains unchanged. All tables and figures in which the measurements

are affected are given below, with the numbering and captions being identical to those in

the original paper.
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Figure 5. Differential branching fraction of B0→ K∗(892)0µ+µ− decays as a function of q2. The
data are overlaid with the SM prediction from refs. [47,48]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and system-
atic uncertainties, and include the uncertainty on the B0→ J/ψK∗0 and J/ψ → µ+µ− branching
fractions.

– 2 –

𝐵K → 𝐾∗K𝜇7𝜇:

JHEP 04 (2017) 142

SM AFB has a characteristic behaviour, where it starts with one sign and changes sign at q2 ⇡ 4 GeV2 [256].
The change in sign comes from the interplay between the contributions from the C7 and C9 Wilson coe�cients
to the decay amplitudes. This behaviour is reproduced by both the LHCb [242] and CMS [211] measurements.
The LHCb collaboration measures the zero-crossing-point of AFB to be q2 2 [3.7, 4.8]GeV2 at 68% CL [242].
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Figure 10: Fraction of longitudinal polarisation FL of the K
⇤ system, FL, and dilepton system forward-backward asymmetry

AFB measured by the BaBar [254], Belle [209], CDF [255], CMS [211] and LHCb [242] collaborations in the dimuon mass
squared range 1 < q

2
< 6GeV2. The SM central values for the observables has been subtracted using the SM predictions from

Ref. [131].
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Figure 11: Optimised observable P
0
5
measured by the Belle [252] and LHCb [242] collaborations as a function of dimuon

invariant squared, q2. The data overlay SM predictions from Refs. [249] (DHMV) and Refs. [131, 193] (ASZB). No predictions
are included close to the narrow charmonium resonances where the SM calculations are thought to break down.

The majority of the observables measured by the LHCb experiment in its full angular analysis are also
in good agreement with SM predictions. However, in the large recoil (low q2) region two of the LHCb
measurements of the P 0

5
observable are about 3� from the SM predictions. The LHCb measurement and

two di↵erent theoretical predictions are shown in Fig. 11. The discrepancy seen by LHCb is also seen
by Belle [252] in their analysis of the P 0

5
angular observable. There is no evidence for any non-zero CP

asymmetry in any of the angular observables measured by LHCb.
The LHCb experiment has also performed a separate analysis of the B ! K⇤µ+µ� decay using angular

moments [242, 257]. The results of the moment analysis are consistent with those of the maximum-likelihood
fits that are typically used to measure the angular observables. The moment technique ultimately provides a
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New physics?
Together, these anomalies form an intriguing pattern…

Possible coherent explanation involving tree-level new physics competing with SM loop and box 
diagrams.

May be probing Z’ or leptoquarks with masses well beyond the energy reach of the LHC!
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LHCb
LHCb is a forward-arm 
spectrometer full instrumented 
in the forward region (2 < η < 5) 
including:

• Excellent vertex resolution 
from a silicon strip detector 
surrounding the interaction 
point (VELO).

• Particle identification from 
two ring-imaging Cherenkov 
(RICH) detectors, 
calorimeter and muon 
system.
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• Electromagnetic calorimeter used to trigger and identify electrons and perform recovery of 
bremsstrahlung photons.

LHCb’s core physics programme is to test the Standard Model at high precision and perform 
indirect searches for new physics in the decays of beauty and charm hadrons.

JINST 3 (2008) S08005

https://doi.org/10.1088/1748-0221/3/08/S08005


Experimental strategy 
Data sample: 5fb-1 total:

• 3fb-1 Run 1 (2011, 2012) 7,8 TeV
• 2fb-1 Run 2 (2015, 2016) 13 TeV

Key experimental challenge: different trigger and reconstruction efficiencies for muons and 
electrons.
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Experimental strategy 
Data sample: 5fb-1 total:

• 3fb-1 Run 1 (2011, 2012) 7,8 TeV
• 2fb-1 Run 2 (2015, 2016) 13 TeV

Key experimental challenge: different trigger and reconstruction efficiencies for muons and 
electrons.

Systematic uncertainties substantially reduced by measuring double ratio:

𝑅* =
ℬ 𝐵7 → 𝐾7𝜇7𝜇:

ℬ 𝐵7 → 𝐾7𝐽/𝜓 𝜇7𝜇:
/

ℬ 𝐵7 → 𝐾7𝑒7𝑒:

ℬ 𝐵7 → 𝐾7𝐽/𝜓 𝑒7𝑒:

using J/ψ control modes. 𝐽/𝜓 → 𝑒7𝑒: = 𝐽/𝜓 → 𝜇7𝜇: to within 0.4%.
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Experimental strategy 
Data sample: 5fb-1 total:

• 3fb-1 Run 1 (2011, 2012) 7,8 TeV
• 2fb-1 Run 2 (2015, 2016) 13 TeV

Key experimental challenge: different trigger and reconstruction efficiencies for muons and 
electrons.

Systematic uncertainties substantially reduced by measuring double ratio:

𝑅* =
ℬ 𝐵7 → 𝐾7𝜇7𝜇:

ℬ 𝐵7 → 𝐾7𝐽/𝜓 𝜇7𝜇:
/

ℬ 𝐵7 → 𝐾7𝑒7𝑒:

ℬ 𝐵7 → 𝐾7𝐽/𝜓 𝑒7𝑒:

using J/ψ control modes. 𝐽/𝜓 → 𝑒7𝑒: = 𝐽/𝜓 → 𝜇7𝜇: to within 0.4%.

Double ratio measured as:

𝑅* =
𝑁 𝐵7 → 𝐾7𝜇7𝜇: m 𝑁 𝐵7 → 𝐾7𝐽/𝜓 𝑒7𝑒:

𝑁 𝐵7 → 𝐾7𝐽/𝜓 𝜇7𝜇: m 𝑁 𝐵7 → 𝐾7𝑒7𝑒:
×
𝜖 𝐵7 → 𝐾7𝑒7𝑒: m 𝜖 𝐵7 → 𝐾7𝐽/𝜓 𝜇7𝜇:

𝜖 𝐵7 → 𝐾7𝐽/𝜓 𝑒7𝑒: m 𝜖 𝐵7 → 𝐾7𝜇7𝜇:
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Signal and control samples
Measurement performed in range 1.1 < 𝑞< < 6 GeV<, where charmonium resonances are 
excluded and theoretical predictions are precise. 
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Measurement performed in range 1.1 < 𝑞< < 6 GeV<, where charmonium resonances are 
excluded and theoretical predictions are precise. 
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Wider 𝑞< region in electron control mode 
due to long bremsstrahlung tail.

Phys.Rev.Lett. 122 (2019) no.19, 191801
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Event selection
Trigger

• Muon decay triggered by high pT muons

• Three electron decay trigger categories:
o Triggered by electron in ECAL
o Triggered by hadron in HCAL
o Triggered by the rest of the event

Candidates then selected by specific software triggers.
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Event selection
Trigger

• Muon decay triggered by high pT muons

• Three electron decay trigger categories:
o Triggered by electron in ECAL
o Triggered by hadron in HCAL
o Triggered by the rest of the event

Candidates then selected by specific software triggers.

Selection

Form candidates from kaon and two oppositely charged leptons:

• Identify kaon / leptons using PID info from RICH, ECAL and Muon System
• Bremsstrahlung photons recovered for electrons (see later)
• Candidates must have high pT, good vertex displaced from PV and have a momentum 

that points back to the PV

Multivariate classifier (BDT) trained on simulation (signal) and high mass data (background)  
suppresses 99% of combinatorial background while retaining 85% of signal.
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Backgrounds
Cascade 𝑏 → 𝑐 decays potentially dangerous backgrounds due to large branching fractions.

Most problematic for rare electron decay where they could contaminate low 𝑚 𝐾7𝑒7𝑒: region and 
overlap with signal brem tail.

Reduced to negligible levels while retaining 97% (95%) of muon (electron) signal by:

• 𝑚 𝐾7𝑒: > 𝑚(𝐷K)
• 𝑚 𝐾7𝜋: not consistent with 𝑚(𝐷K)
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Figure S3: Simulated K+e� mass distributions for signal and various cascade background
samples. The distributions are all normalised to unity. (Left) the bremsstrahlung correction to
the momentum of the electron is taken into account, resulting in a tail to the right. (Right) the
mass is computed only from the track information (mtrack). The notation ⇡[!e] (e[!⇡]) is used
to denote an electron (pion) that is misidentified as a pion (electron).

figures show the projections from the simultaneous fit that is used to obtain RK . The
total yields for the resonant and nonresonant decays obtained from these fits are given in
Table S1.

The distributions of the ratio rJ/ as a function of the B
+ transverse momentum and

the minimum pT of the leptons are shown in Fig. S6, together with the spectra expected
for the resonant and nonresonant decays. This single ratio does not benefit from the
cancellation of systematic e↵ects that the double ratio exploits in the measurement of
RK , and is therefore a stringent test of the control of the e�ciencies. No significant
trend is observed in either rJ/ distribution and the results are compatible with rJ/ = 1.
Assuming the deviations observed indicate genuine mismodelling of the e�ciencies, rather
than fluctuations, and taking into account the spectrum of the relevant variables in the
nonresonant decay modes of interest, a total shift of RK at the level 0.002 would be
expected for the B

+
pT and lepton minimum pT. This variation is compatible with the

estimated systematic uncertainties on RK . Similarly, the variations seen in all other
reconstructed quantities are compatible with the systematic uncertainties assigned. The
ratio rJ/ is also computed in two- and three-dimensional bins of reconstructed quantities.
An example is shown in Fig. S7. Again, no significant trend is seen and the distributions
are compatible with rJ/ = 1.

Table S1: Total yields of the decay modes B+
! K+e+e�, B+

! K+µ+µ�,
B+

! J/ (! e+e�)K+ and B+
! J/ (! µ+µ�)K+ obtained from the fits to the data.

Decay Mode Event Yield

B
+
! K

+
e
+
e
� 766± 48

B
+
! K

+
µ
+
µ
� 1 943± 49

B
+
! J/ (! e

+
e
�)K+ 344 100± 610

B
+
! J/ (! µ

+
µ
�)K+ 1 161 800± 1 100
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Efficiency calculation
Efficiencies calculated using simulation. Simulation corrected to account for data-MC differences:

1. PID efficiency weights taken from data calibration samples
2. Hardware and software trigger corrected with tag and probe 𝐵7 → 𝐾7𝐽/𝜓 𝑙7𝑙 data
3. B+ kinematics corrected with 𝐵7 → 𝐾7𝐽/𝜓 𝜇7𝜇: data
4. q2 resolution corrected using 𝑚 𝑙7𝑙 of 𝐽/𝜓 peak
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Efficiency calculation
Efficiencies calculated using simulation. Simulation corrected to account for data-MC differences:

1. PID efficiency weights taken from data calibration samples
2. Hardware and software trigger corrected with tag and probe 𝐵7 → 𝐾7𝐽/𝜓 𝑙7𝑙 data
3. B+ kinematics corrected with 𝐵7 → 𝐾7𝐽/𝜓 𝜇7𝜇: data
4. q2 resolution corrected using 𝑚 𝑙7𝑙 of 𝐽/𝜓 peak

Overall effect of these corrections is at the 0.02 level on RK – highly robust!
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Mass fit
Simultaneous fit used to extract 𝑅* and 𝐵7 → 𝐾7𝜇7𝜇: yield. Resonant yields constrained to results 
from separate fits. 
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simulation:

• Multi-core gaussians with 
power law tails

• Signal electron mode 
modelled with three 
functions corresponding to 
number of brem photons 
recovered

• Partially reconstructed 
background yields allowed 
to float freely

]2c [MeV/)−e+e+m(K
5000 5500 6000

)2 c
C

an
di

da
te

s /
 (2

4 
M

eV
/

0

20

40

60

80

100 Data
Total fit

 = 1KRTotal 
−e+e+ K→+B

+)K−e+(eψ J/→+B
Part. Reco.
Combinatorial

LHCb

]2c [MeV/)−µ+µ+m(K
5200 5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (7

 M
eV

/

0

50

100

150

200

250

300

350

Data
Total fit

 = 1KRTotal 
−µ+µ+ K→+B

Combinatorial

LHCb

]2c [MeV/)−e+e+(KψJ/m
5200 5400 5600

)2 c
C

an
di

da
te

s /
 (1

2 
M

eV
/

0
10
20
30
40
50
60
70
80
90

100
310×

Data
Total fit

+)K−e+(eψ J/→+B
+π)−e+(eψ J/→+B

Part. Reco.
Combinatorial

LHCb

]2c [MeV/)−µ+µ+(KψJ/m
5200 5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (4

 M
eV

/

0
20
40
60
80

100
120
140
160
180
200
220

310×

Data
Total fit

+)K−µ+µ(ψ J/→+B
+π)−µ+µ(ψ J/→+B

Combinatorial

LHCb

Figure 2: Fits to the m(J/ )(K
+`+`�) invariant mass distribution for (left) electron and

(right) muon candidates for (top) nonresonant and (bottom) resonant decays. For the electron
(muon) nonresonant plots, the red-dotted line shows the distribution that would be expected
from the observed number of B+

! K+µ+µ� (B+
! K+e+e�) decays and RK = 1.

where the first uncertainty is statistical and the second systematic. This is the most
precise measurement to date and is consistent with the SM expectation at the level of
2.5 standard deviations [21, 33, 36, 40, 42]. The likelihood profile as a function of RK is
given in the Supplemental Material [71]. The value for RK obtained is consistent across
the di↵erent data-taking periods and trigger categories. A fit to just the 7 and 8TeV data
gives a value for RK compatible with the previous LHCb measurement [34] within one
standard deviation. This level of consistency is evaluated using pseudoexperiments that
take into account the overlap between the two data samples, which are not identical due
to di↵erent reconstruction and selection procedures. The result from just the 7 and 8TeV
data is also compatible with that from only the 13TeV data at the 1.9 standard deviation
level (see the Supplemental Material [71]).

The branching fraction of the B
+
! K

+
e
+
e
� decay is determined in the nonresonant

signal region 1.1 < q
2
< 6.0GeV2

/c
4 by combining the value of RK with the value of

B(B+
! K

+
µ
+
µ
�) from Ref. [12], taking into account correlated systematic uncertainties.

This gives

dB(B+
! K

+
e
+
e
�)

dq2
(1.1 < q

2
< 6.0GeV2

/c
4) = (28.6 +2.0

�1.7 ± 1.4)⇥ 10�9
c
4
/GeV2

.

The dominant systematic uncertainty is from the limited knowledge of the B
+
! J/ K

+

branching fraction [54]. This is the most precise measurement to date and is consistent
with predictions based on the SM [42,78].
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Figure S3: Simulated K+e� mass distributions for signal and various cascade background
samples. The distributions are all normalised to unity. (Left) the bremsstrahlung correction to
the momentum of the electron is taken into account, resulting in a tail to the right. (Right) the
mass is computed only from the track information (mtrack). The notation ⇡[!e] (e[!⇡]) is used
to denote an electron (pion) that is misidentified as a pion (electron).

figures show the projections from the simultaneous fit that is used to obtain RK . The
total yields for the resonant and nonresonant decays obtained from these fits are given in
Table S1.

The distributions of the ratio rJ/ as a function of the B
+ transverse momentum and

the minimum pT of the leptons are shown in Fig. S6, together with the spectra expected
for the resonant and nonresonant decays. This single ratio does not benefit from the
cancellation of systematic e↵ects that the double ratio exploits in the measurement of
RK , and is therefore a stringent test of the control of the e�ciencies. No significant
trend is observed in either rJ/ distribution and the results are compatible with rJ/ = 1.
Assuming the deviations observed indicate genuine mismodelling of the e�ciencies, rather
than fluctuations, and taking into account the spectrum of the relevant variables in the
nonresonant decay modes of interest, a total shift of RK at the level 0.002 would be
expected for the B

+
pT and lepton minimum pT. This variation is compatible with the

estimated systematic uncertainties on RK . Similarly, the variations seen in all other
reconstructed quantities are compatible with the systematic uncertainties assigned. The
ratio rJ/ is also computed in two- and three-dimensional bins of reconstructed quantities.
An example is shown in Fig. S7. Again, no significant trend is seen and the distributions
are compatible with rJ/ = 1.

Table S1: Total yields of the decay modes B+
! K+e+e�, B+

! K+µ+µ�,
B+

! J/ (! e+e�)K+ and B+
! J/ (! µ+µ�)K+ obtained from the fits to the data.

Decay Mode Event Yield

B
+
! K

+
e
+
e
� 766± 48

B
+
! K

+
µ
+
µ
� 1 943± 49

B
+
! J/ (! e

+
e
�)K+ 344 100± 610

B
+
! J/ (! µ

+
µ
�)K+ 1 161 800± 1 100

3
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Systematic uncertainties
Most systematic uncertainties eliminated by double ratio.

Two categories of systematic uncertainties remain:

1. Those affecting the non-resonant (signal) decay yields

• Choice of mass shapes (checked using pseudo-experiments): 1.1%

2. Those affecting the efficiency double-ratio calculation:

• Efficiency calibrations: all < 1%
• Statistics of simulation and calibration samples: 1.0%

Total systematic uncertainty = 1.7%
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Cross-checks
Several cross-checks performed to detect 
biases due to differences between signal and 
control modes. 

Measure the (much more challenging) quantity:

𝑟w/x =
ℬ 𝐵7 → 𝐾7𝐽/𝜓 𝜇7𝜇:

ℬ 𝐵7 → 𝐾7𝐽/𝜓 𝑒7𝑒:

Measured as 𝑟w/x = 1.014 ± 0.035.

Stable as a function of dilepton opening angle.
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Figure 1: (Top) expected distributions of the opening angle between the two leptons, in the
laboratory frame, for the four modes in the double ratio used to determine RK . (Bottom) the
single ratio rJ/ relative to its average value

⌦
rJ/ 

↵
as a function of the opening angle.

in the double ratio. For each of the variables examined, no significant trend is observed.
Figure 1 shows the ratio as a function of the dilepton opening angle and other examples
are provided in the Supplemental Material [71]. Assuming the deviations that are observed
indicate genuine mismodelling of the e�ciencies, rather than fluctuations, and taking into
account the spectrum of the relevant variables in the nonresonant decay modes of interest,
a total shift on RK is computed for each of the variables examined. In each case, the
resulting variation is within the estimated systematic uncertainty on RK . The rJ/ ratio
is also computed in two- and three-dimensional bins of the considered variables. Again, no
trend is seen and the deviations observed are consistent with the systematic uncertainties
on RK . An example is shown in Fig. S7 in the Supplemental Material [71]. Independent
studies of the electron reconstruction e�ciency using control channels selected from the
data also give consistent results.

The results of the fits to the m(K+
`
+
`
�) and mJ/ (K+

`
+
`
�) distributions are shown

in Fig. 2. A total of 1943 ± 49 B
+
! K

+
µ
+
µ
� decays are observed. A study of the

B
+
! K

+
µ
+
µ
� di↵erential branching fraction gives results that are consistent with pre-

vious LHCb measurements [12] but, owing to the selection criteria optimised for the
precision on RK , are less precise. The B

+
! K

+
µ
+
µ
� di↵erential branching fraction

observed is consistent between the 7 and 8TeV data and the 13TeV data.
The value of RK is measured to be

RK = 0.846 +0.060
� 0.054

+0.016
� 0.014 ,

7
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More cross-checks
Also measure 

𝑅x1y =
ℬ 𝐵7 → 𝐾7𝜓<z 𝜇7𝜇:

ℬ 𝐵7 → 𝐾7𝐽/𝜓 𝜇7𝜇:
/
ℬ 𝐵7 → 𝐾7𝜓<z 𝑒7𝑒:

ℬ 𝐵7 → 𝐾7𝐽/𝜓 𝑒7𝑒:

Result: 𝑅x1y = 0.986 ± 0.013
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Figure 2: Fits to the m (2S)(K
+`+`�) invariant-mass distribution of (left)

B+!  (2S)(! e+e�)K+
and (right) B+!  (2S)(! µ+µ�

)K+
candidates. Electron

(muon) candidates are required to have 9.92 < q2 < 16.40GeV
2/c4 (12.5 < q2 < 14.2GeV

2/c4).
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Results
Final result:

𝑅* = 0.846:K.K|M :K.KWM7K.K}K 7K.KW}

Consistent with SM at 2.5σ.

Similar tension as before – 𝑅* moves towards
SM but error reduces.

Broken down by data-taking period results consistent at 1.9σ:

𝑅*(Run 1) = 0.717:K.KLW :K.KW}7K.K�� 7K.KWL

𝑅*(Run 2) = 0.928:K.KL} :K.KWL7K.K�N 7K.K<K

Νew Run 1 result consistent with old result 𝑅* Run 1, old = 0.745:K.KLM7K.KNK ± 0.036 within 1σ, taking 
overlap of data samples into account.
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Future work
Current analysis uses 3fb-1 from Run 1
and 2fb-1 from Run 2 but much more 
data on disk:

2017   :  1.7 fb-1

2018   :  2.1 fb-1

Represents approx. double existing 
sample due to c.o.m. energy and 
improved electron trigger and 
reconstruction efficiency.
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• 𝐵K → 𝐾∗K𝑙7𝑙:
• 𝐵K → 𝐾zK𝑙7𝑙:
• 𝐵7 → 𝐾∗7𝑙7𝑙:

Many other LFU measurements in the works:

• 𝐵gK → 𝜙𝑙7𝑙:
• Λ�K → 𝑝𝐾:𝑙7𝑙:
• 𝐵7 → 𝐾7𝜋7𝜋:𝑙7𝑙:

• 𝐵K → 𝐾7𝜋7𝑙7𝑙:



Conclusions
Highly intriguing set of anomalies in B decays to leptons, with possibly consistent pattern in 𝑏 →
𝑠𝜇𝜇 decays and R measurements. 

Presented updated search for lepton universality violation in 𝐵7 → 𝐾7𝜇7𝜇: decays using part of 
Run 2 data taken at LHCb:

• Result moves towards SM but still in tension at 2.5σ
• Run 1 and Run 2 results consistent within 1.9σ

Full Run 2 analysis and measurements of similar ratios will clarify situation.

LHCb Upgrade (5 x higher lumi, starting data-taking in 2021) and Belle II will confirm NP or not.

If NP, direct observation of Z’ or leptoquarks may require a future hadron collider (e.g. FCC).
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Backup



Bremsstrahlung recovery
Electrons typically radiate ~20% of their energy as bremsstrahlung photons due to interaction with 
detector material. 

Photons radiated before the magnet are particularly problematic – underestimate of momentum.

Bremsstrahlung recovery process searches for clusters in the calorimeter:

1. Consistent with electron flight direction before magnet
2. Not associated with any other track.

If found, energy added to electron momentum calculation.
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Even more cross-checks
Also measure 𝑟w/x in 2D bins of lepton opening angle and lepton momentum.

Consistent with unity.
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Figure S6: (Top) distributions of the spectra of (left) the B+ transverse momentum and (right)
the minimum pT of the leptons. (Bottom) the single ratio rJ/ relative to its average value⌦
rJ/ 
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Figure S7: (Left) the value of rJ/ , relative to the average value of rJ/ , measured in two-
dimensional bins of the maximum lepton momentum (p(l)) and the opening angle between
the two leptons (↵(l+, l�)). (Right) the bin definition in this two-dimensional space together
with the distribution for B+
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contours.
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