
Recent results from LHCb

Mitesh Patel (Imperial College London)
Anomalies, 10th Nov 2021 



Introduction

• Interesting set of anomalies have appeared in 
measurements of B decays : 
– Branching fractions of several b→sll processes
– Angular observables in B0→K*0µµ, B+→K*+µµ
– Lepton-flavour universality ratios b→sll and b→cln decays

• Majority of you will be familiar with the measurements 
themselves – will try and remind you of:  
– the issues in each case
– what makes us think we have good experimental control 
– what might still be wrong (from an exp’talists perspective) 

• Will try and at least connect with the theory issues 
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b→sll decays  

• b→sll decays involve flavour 
changing neutral currents → loop 
process

• Best studied decay at LHCb is  
B0→K*0µµ

• Large number of observables: BF, 
ACP and angular observables –
dynamics can be described by 
three angles (ql, qK, f) and di-µ
invariant mass squared, q2
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Hadronic Effects
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Two sources of hadronic uncertainties for exclusive
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Form factors (local) Form factors (local) Charm loop
(non-local)

I Local contributions (more terms if NP in non-SM Ci): form factors

Aµ = �
�mbq⌫

q� C�hM|s̄�µ⌫PRb|Bi + C�hM|s̄�µPLb|Bi

Bµ = C��hM|s̄�µPLb|Bi

I Non-local contributions (charm loops): hadronic contribs.

Tµ contributes like O�,�, but depends on q� and external states

I Overal agreement about both contributions, using various tools

J. Matias & P. Stangl (UAB & U. Bern) Beyond the Flavour Anomalies, �� April ���� 8/��
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Use the Operator Product Expansion
to handle theoretically

→ BFs have relatively large theoretical uncertainties



b→sll branching fractions



b→sll branching fractions
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• Several b→sµµ branching fractions measured at LHCb
show some tension with predictions, particularly at low q2

→ 3.3s discrepancy 

→ 2.6s discrepancy 
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. 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 systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q2 bin (GeV2/c4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q2 < 0.98 1.016+0.067
�0.073 ± 0.029± 0.069

1.1 < q2 < 2.5 0.326+0.032
�0.031 ± 0.010± 0.022

2.5 < q2 < 4.0 0.334+0.031
�0.033 ± 0.009± 0.023

4.0 < q2 < 6.0 0.354+0.027
�0.026 ± 0.009± 0.024

6.0 < q2 < 8.0 0.429+0.028
�0.027 ± 0.010± 0.029

11.0 < q2 < 12.5 0.487+0.031
�0.032 ± 0.012± 0.033

15.0 < q2 < 17.0 0.534+0.027
�0.037 ± 0.020± 0.036

17.0 < q2 < 19.0 0.355+0.027
�0.022 ± 0.017± 0.024

1.1 < q2 < 6.0 0.342+0.017
�0.017 ± 0.009± 0.023

15.0 < q2 < 19.0 0.436+0.018
�0.019 ± 0.007± 0.030
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BFs too low in b⇥ sµ+µ� decays?
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B0⇥ K⇤0µ+µ�

[arXiv:1606.04731]
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Patrick Koppenburg Recent highlights on heavy quarks 24/08/2016 — QCD@LHC, Zürich [49 / 70]
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[JHEP 11 (2016) 047,   
JHEP 04 (2017) 142]

[JHEP 09 (2015) 179] [JHEP 06 (2015) 115]

[JHEP 06 (2014) 133]

B0→K*0µµ B0s→fµµ L0b→L0µµ 

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

1

2

3

4

5

LCSR Lattice Data

LHCb
−µ+µ+ K→+B

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

1

2

3

4

5

LCSR Lattice Data

−µ+µ0 K→0B
LHCb

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

5

10

15

20
LCSR Lattice Data

LHCb
−µ+µ*+ K→+B

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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BF(Bs→fµµ) update

• LHCb recently presented updated results for BF(Bs→fµµ) :

• This 3.6s tension with SM further inflates tensions noted by 
some ‘global’ fitting groups

5
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BF(B0→K*0µµ) and the narrow 
width approximation 

6
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[arXiv:1908.02267] 



Could something have gone wrong?

• [On the experimental side…]

• Would need muon efficiency to be 
wrong (only) at low q2

• Detector performance doesn’t 
depend directly on q2, depends on 
momenta, spatial position of tracks 
– Why only at low q2? 
– Performance calibrated with data 
– Have plenty of decays with muons 

where we are not seeing any NP 
effects

– How to triple check? 7
[arXiv:1909.02957] 



B0→K*0µµ angular analysis



B0→K*0µµ angular analysis

• Try to use observables where theoretical uncertainties 
cancel e.g. Forward-backward asymmetry AFB of ql distn

0-crossing point

NP models

T. Blake

B0→K*0!+!! decay
• Large number of 

observables: branching 
fractions, CP asymmetries 
and angular observables. 

• Sensitive to new vector or 
axial-vector currents and 
virtual photon polarisation. 

• Reconstructed as a four 
track final state containing 
a kaon, pion and dimuon 
pair.  
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B0→K*0µµ angular analysis

• LHCb angular analysis of 2016 and Run I data

• Vast majority of observables in agreement with SM predns, 
giving some confidence in theory control of form-factors

9

[PRL 125 (2020) 011802]



B0→K*0µµ angular analysis

• P5’ shows significant discrepancy wrt SM prediction
• Good coherence between observables 
• Tension with SM in angular analysis alone 3.3s … but 

theory treatment of intractable cc contribution?

10

[PRL 125 (2020) 011802]



B+→K*+µµ angular analysis

• Most recently angular analysis performed for analogous 
K*+ decay mode with K*+→KS

0p+

• Lower statistics but message is identical – in this decay 
tension with SM is 3.1s

11

[PRL 126 (2021) 0161802]



Control channel angular analysis

12

Signal Control

Signal Control



Could something have gone wrong?

• [On the experimental side…]

• Angular anomaly looks very compatible with branching 
fraction anomaly but very different analysis

• Even at low q2, majority of observables agree with SM 
prediction 

• Control channel analysis gives confidence

• These are not angles in lab frame … difficult to see how 
to build a connection to any detector effect 

• IMO electron angular analysis could end the debate

13



Lepton Universality Ratios



Lepton Universality Ratios

• In the SM couplings of gauge bosons to leptons are 
independent of lepton flavour 

• Branching fractions of processes with different leptons 
differ only by phase space and helicity-suppressed 
contributions 

• Ratios of the form:

– free from QCD uncertainties affecting other observables 
→ O(10−4) uncertainty [JHEP07 (2007) 040] 

– Up to O(1%) QED corrections [EPJC76 (2016) 8,440]

→ Any significant deviation is a smoking gun for New Physics
14

Lepton Flavour Universality tests (I)

⌘ In the SM couplings of gauge bosons to leptons are independent of lepton
flavour
! Branching fractions differ only by phase space and helicity-suppressed
contributions

⌘ Ratios of the form:

RK (⇤) :=
B(B ! K (⇤)µ+µ�)

B(B ! K (⇤)e+e�)

SM
⇠= 1

⌘ In SM free from QCD uncertainties affecting other observables
! O(10�4) uncertainty [JHEP07(2007)040]

⌘ Up to O(1%) QED corrections [EPJC76(2016)8,440]

! Any significant deviation is a smoking gun for New Physics.

K.A. Petridis (UoB) Test of LFU at LHCb March 2021 4 / 20



b→sll LFU ratios
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Lepton Flavour Universality tests (II)
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Figure 9. Distributions of the RK∗0 delta log-likelihood for the three trigger categories separately
and combined.

low-q2 central-q2

RK∗0 0.66 + 0.11
− 0.07 ± 0.03 0.69 + 0.11

− 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]

Table 5. Measured RK∗0 ratios in the two q2 regions. The first uncertainties are statistical and
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[LHCb-PAPER-2021-004]Submitted to Nature Physics

[arXiv:2103.11769]

• Recent RK*+, RK0 measurements 
~2s consistency with SM, 
compatible with RK, which is 3s 
from SM
– Can accommodate branching 

fraction, angular data and RK
with vector NP contribution

– Possible LFU NP contribution?
– Possible RH contribution?

[arXiv:2110.09501]



RK Analysis Strategy

• Exploit double ratio wrt equivalent J/y decay modes in 
order to cancel experimental systematic uncertainties

• Measurement then statistically dominated 
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Measurement Strategy

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+J/ (µ+µ�))

�
B(B+ ! K+e+e�)

B(B+ ! K+J/ (e+e�))
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µ+µ�"

J/ 
µ+µ�
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µ+µ�"
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e+e�
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"
J/ 
e+e�

! RK is measured as a double ratio to cancel out most systematics

⌘ Rare and J/ modes share identical selections

apart from cut on q2

⌘ Yields determined from a fit to the invariant

mass of the final state particles

⌘ Efficiencies computed using simulation that is

calibrated with control channels in data
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Could something have gone wrong?

• Test control of the absolute scale of the efficiencies by 
instead measuring the single ratio, 

• where we do not benefit from the double ratio cancellation 

• rJ/y measured to be lepton universal at 0.4% level

• Measure  rJ/y = 0.981±0.020 (stat+syst)
– compatible with unity for new and previous datasets and in all 

trigger samples
– result is independent of the decay kinematics
– binning in quantities that would expect bremsstrahlung and trigger 

to depend on see completely uniform result

17

decay in the range 1.1 < q
2

< 6.0 GeV2 is referred to as the “rare mode”, whereas the180

B
+

! K
+
J/ (`+`�) mode is referred to as the “normalisation mode”.181

The selection applied to the normalisation modes is kept identical to that ap-182

plied to the rare modes, except for the q
2 selection that di↵erentiates between the183

rare and normalisation decays. In this way, many systematic uncertainties cancel184

in the ratio between these two modes. Indeed, the absolute size of e.g. track-185

ing, particle identification or trigger e�ciencies of one mode need not be known ex-186

actly, only the ratio of e�ciencies between the rare mode and the corresponding con-187

trol mode must be understood, i.e. "(B+
! K

+
e
+
e
�)/"(B+

! K
+
J/ (e+e

�)) and188

"(B+
! K

+
µ
+
µ
�)/"(B+

! K
+
J/ (µ+

µ
�)) are the quantities that must be controlled.189

If the kinematic distributions of variables related to the rare mode were identical190

to those of the normalisation mode, all e�ciency ratios would be unity and the mea-191

surement would be free from any e�ciency-related systematic uncertainties. Residual192

systematic uncertainties arise due to di↵erences in kinematic distributions between the193

rare mode and the normalisation mode. Distributions for various kinematic variables for194

simulated B
+

! K
+
`
+
`
� and B

+
! K

+
J/ events are shown in Fig. 6. Some variables195

show good agreement between the rare and normalisation mode, such as the quality196

of the vertex fit �2
DV(K+

e
+
e
�), the significance of the impact parameter �2

IP(K+
e
+
e
�),197

the pseudorapidity of all tracks ⌘, and the fraction of an electron track’s energy emit-198

ted via bremsstrahlung before the magnet, denoted p
brem(e)/ptot(e). For other vari-199

ables, the distributions di↵er between the rare decay and the normalisation modes.200

This means that the ratios of e�ciencies "(B+
! K

+
e
+
e
�)/"(B+

! K
+
J/ (e+e

�)) and201

"(B+
! K

+
µ
+
µ
�)/"(B+

! K
+
J/ (µ+

µ
�)), will not cancel perfectly. Examples of this202

are the distribution of the transverse momenta pT of all tracks and the dilepton angle203

↵K+ . For such variables, the dependence of the selection e�ciency as a function of the204

variables must be controlled in order to correctly evaluate the e↵ect of possible e�ciency205

mis-modelling as a function of that variable, which would not fully cancel.206

In order to demonstrate that the e�ciencies are controlled, several cross-checks are207

performed. The first of these cross-checks is the measurement of the single ratio of208

branching fractions between the normalisation modes, rJ/ , which must be unity, in209

agreement with existing measurements (see Eqn.(2)):210

rJ/ =
B(B+

! K
+
J/ (µ+

µ
�))

B(B+
! K

+
J/ (e+e

�))
(5)

=
N(B+

! K
+
J/ (µ+

µ
�))

"(B+
! K

+
J/ (µ+

µ
�))

·
"(B+

! K
+
J/ (e+e

�))

N(B+
! K

+
J/ (e+e

�))
. (6)

Because rJ/ is a single ratio, the muon and electron e�ciencies have to be controlled211

directly with respect to one another. This is therefore a stringent cross-check, because212

systematic e↵ects will not cancel as they do in the double ratio RK . Moreover, because213

N(B+
! K

+
J/ (e+e

�)) and N(B+
! K

+
J/ (e+e

�)) are both relatively large, the sta-214

tistical uncertainty is small and therefore the total uncertainty is dominated by systematic215

e↵ects.216
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Could something have gone wrong?
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statistical and systematic e↵ects. The consistency of this ratio with unity demonstrates
control of the e�ciencies well in excess of that needed for the determination of RK . In the
measurement of the rJ/ ratio, the systematic uncertainty is dominated by the imperfect
modelling of the B

+ production kinematics and the modelling of selection requirements,
which have a negligible impact on the RK measurement. No significant trend is observed
in the di↵erential determination of rJ/ as a function of any considered variable. An
example distribution, with rJ/ determined as a function of B+ momentum component
transverse to the beam direction, pT, is shown in Fig. 3. Assuming the observed rJ/ 

variation in such distributions reflects genuine mismodelling of the e�ciencies, rather than
statistical fluctuations, and taking into account the spectrum of the relevant variables in
the nonresonant decay modes, 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 . Similarly, double di↵erential computations of the rJ/ ratio also do
not show any trend and are consistent with the systematic uncertainties assigned on the
RK measurement.

In addition to B
+
! J/ K

+ decays, clear signals are observed from B
+
!  (2S)K+

decays. The double ratio of branching fractions, R (2S), defined by

R (2S) =
B(B+

!  (2S)(! µ
+
µ
�)K+)

B(B+
! J/ (! µ

+
µ
�)K+)

�
B(B+

!  (2S)(! e
+
e
�)K+)

B(B+
! J/ (! e

+
e
�)K+)

, (3)

provides an independent validation of the double-ratio analysis procedure and further
tests the control of the e�ciencies. This double ratio is expected to be close to unity [2]
and is determined to be 0.997 ± 0.011, where the uncertainty includes both statistical
and systematic e↵ects. This can be interpreted as a world-leading test of lepton flavour
universality in  (2S) ! `

+
`
� decays.

The fit projections for the m(K+
`
+
`
�) and mJ/ (K+

`
+
`
�) distributions are shown in
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Figure 3: Di↵erential rJ/ measurement. The distributions of (left) the B+ transverse momentum,
pT, and (right) the ratio rJ/ relative to its average value

⌦
rJ/ 

↵
as a function of pT. The

distribution from the B+
! J/ K+ decays is similar to that of the corresponding B+

! K+`+`�

decays such that the measurement of rJ/ tests the kinematic region relevant for the RK

measurement. The lack of any dependence of the value of rJ/ /
⌦
rJ/ 

↵
as a function of B+ pT

demonstrates control of the e�ciencies.
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as a function of these variables. In the

electron minimum pT spectra, the structure at 2800MeV/c is related to the trigger threshold.

other reconstructed quantities examined are compatible with the systematic uncertainties
assigned. In addition, rJ/ is computed in two-dimensional intervals of reconstructed
quantities, as shown in Fig. 10. Again, no significant trend is seen.

Systematic uncertainties

The majority of the sources of systematic uncertainty a↵ect the relative e�ciencies between
nonresonant and resonant decays. These are included in the fit to RK by allowing the
relative e�ciency to vary within Gaussian constraints. The width of the constraint
is determined by adding the contributions from the di↵erent sources in quadrature.
Correlations in the systematic uncertainties between di↵erent trigger categories and run
periods are taken into account. Systematic uncertainties a↵ecting the determination of
the signal yield are assessed using pseudoexperiments generated with variations of the fit
model. Pseudoexperiments are also used to assess the degree of bias originating from the
fitting procedure. The bias is found to be 1% of the statistical precision, i.e. negligible
with respect to other sources of systematic uncertainty.

For the nonresonant B+
! K

+
e
+
e
� decays, the systematic uncertainties are dominated

by the modelling of the signal and background components used in the fit. The e↵ect is at
the 1% level. A significant proportion (0.7%) of this uncertainty comes from the limited
knowledge of the K⇡ spectrum in B

(0,+)
! K

+
⇡
(�,0)

e
+
e
� decays. In addition, a 0.2%
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Figure 9: Di↵erential rJ/ measurement. (Top) distributions of the reconstructed spectra of
(left) the angle between the leptons, and (right) the minimum pT of the leptons. (Bottom) the
single ratio rJ/ relative to its average value

⌦
rJ/ 

↵
as a function of these variables. In the

electron minimum pT spectra, the structure at 2800MeV/c is related to the trigger threshold.

other reconstructed quantities examined are compatible with the systematic uncertainties
assigned. In addition, rJ/ is computed in two-dimensional intervals of reconstructed
quantities, as shown in Fig. 10. Again, no significant trend is seen.

Systematic uncertainties

The majority of the sources of systematic uncertainty a↵ect the relative e�ciencies between
nonresonant and resonant decays. These are included in the fit to RK by allowing the
relative e�ciency to vary within Gaussian constraints. The width of the constraint
is determined by adding the contributions from the di↵erent sources in quadrature.
Correlations in the systematic uncertainties between di↵erent trigger categories and run
periods are taken into account. Systematic uncertainties a↵ecting the determination of
the signal yield are assessed using pseudoexperiments generated with variations of the fit
model. Pseudoexperiments are also used to assess the degree of bias originating from the
fitting procedure. The bias is found to be 1% of the statistical precision, i.e. negligible
with respect to other sources of systematic uncertainty.

For the nonresonant B+
! K

+
e
+
e
� decays, the systematic uncertainties are dominated

by the modelling of the signal and background components used in the fit. The e↵ect is at
the 1% level. A significant proportion (0.7%) of this uncertainty comes from the limited
knowledge of the K⇡ spectrum in B
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statistical and systematic e↵ects. The consistency of this ratio with unity demonstrates
control of the e�ciencies well in excess of that needed for the determination of RK . In the
measurement of the rJ/ ratio, the systematic uncertainty is dominated by the imperfect
modelling of the B

+ production kinematics and the modelling of selection requirements,
which have a negligible impact on the RK measurement. No significant trend is observed
in the di↵erential determination of rJ/ as a function of any considered variable. An
example distribution, with rJ/ determined as a function of B+ momentum component
transverse to the beam direction, pT, is shown in Fig. 3. Assuming the observed rJ/ 

variation in such distributions reflects genuine mismodelling of the e�ciencies, rather than
statistical fluctuations, and taking into account the spectrum of the relevant variables in
the nonresonant decay modes, 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 . Similarly, double di↵erential computations of the rJ/ ratio also do
not show any trend and are consistent with the systematic uncertainties assigned on the
RK measurement.

In addition to B
+
! J/ K

+ decays, clear signals are observed from B
+
!  (2S)K+

decays. The double ratio of branching fractions, R (2S), defined by

R (2S) =
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µ
�)K+)

B(B+
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�
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+
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�)K+)

B(B+
! J/ (! e

+
e
�)K+)

, (3)

provides an independent validation of the double-ratio analysis procedure and further
tests the control of the e�ciencies. This double ratio is expected to be close to unity [2]
and is determined to be 0.997 ± 0.011, where the uncertainty includes both statistical
and systematic e↵ects. This can be interpreted as a world-leading test of lepton flavour
universality in  (2S) ! `

+
`
� decays.

The fit projections for the m(K+
`
+
`
�) and mJ/ (K+

`
+
`
�) distributions are shown in
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Figure 3: Di↵erential rJ/ measurement. The distributions of (left) the B+ transverse momentum,
pT, and (right) the ratio rJ/ relative to its average value

⌦
rJ/ 

↵
as a function of pT. The

distribution from the B+
! J/ K+ decays is similar to that of the corresponding B+

! K+`+`�

decays such that the measurement of rJ/ tests the kinematic region relevant for the RK

measurement. The lack of any dependence of the value of rJ/ /
⌦
rJ/ 

↵
as a function of B+ pT

demonstrates control of the e�ciencies.
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as a function of these variables. In the

electron minimum pT spectra, the structure at 2800MeV/c is related to the trigger threshold.

other reconstructed quantities examined are compatible with the systematic uncertainties
assigned. In addition, rJ/ is computed in two-dimensional intervals of reconstructed
quantities, as shown in Fig. 10. Again, no significant trend is seen.

Systematic uncertainties

The majority of the sources of systematic uncertainty a↵ect the relative e�ciencies between
nonresonant and resonant decays. These are included in the fit to RK by allowing the
relative e�ciency to vary within Gaussian constraints. The width of the constraint
is determined by adding the contributions from the di↵erent sources in quadrature.
Correlations in the systematic uncertainties between di↵erent trigger categories and run
periods are taken into account. Systematic uncertainties a↵ecting the determination of
the signal yield are assessed using pseudoexperiments generated with variations of the fit
model. Pseudoexperiments are also used to assess the degree of bias originating from the
fitting procedure. The bias is found to be 1% of the statistical precision, i.e. negligible
with respect to other sources of systematic uncertainty.

For the nonresonant B+
! K

+
e
+
e
� decays, the systematic uncertainties are dominated

by the modelling of the signal and background components used in the fit. The e↵ect is at
the 1% level. A significant proportion (0.7%) of this uncertainty comes from the limited
knowledge of the K⇡ spectrum in B
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(left) the angle between the leptons, and (right) the minimum pT of the leptons. (Bottom) the
single ratio rJ/ relative to its average value
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as a function of these variables. In the

electron minimum pT spectra, the structure at 2800MeV/c is related to the trigger threshold.

other reconstructed quantities examined are compatible with the systematic uncertainties
assigned. In addition, rJ/ is computed in two-dimensional intervals of reconstructed
quantities, as shown in Fig. 10. Again, no significant trend is seen.

Systematic uncertainties

The majority of the sources of systematic uncertainty a↵ect the relative e�ciencies between
nonresonant and resonant decays. These are included in the fit to RK by allowing the
relative e�ciency to vary within Gaussian constraints. The width of the constraint
is determined by adding the contributions from the di↵erent sources in quadrature.
Correlations in the systematic uncertainties between di↵erent trigger categories and run
periods are taken into account. Systematic uncertainties a↵ecting the determination of
the signal yield are assessed using pseudoexperiments generated with variations of the fit
model. Pseudoexperiments are also used to assess the degree of bias originating from the
fitting procedure. The bias is found to be 1% of the statistical precision, i.e. negligible
with respect to other sources of systematic uncertainty.

For the nonresonant B+
! K

+
e
+
e
� decays, the systematic uncertainties are dominated

by the modelling of the signal and background components used in the fit. The e↵ect is at
the 1% level. A significant proportion (0.7%) of this uncertainty comes from the limited
knowledge of the K⇡ spectrum in B
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statistical and systematic e↵ects. The consistency of this ratio with unity demonstrates
control of the e�ciencies well in excess of that needed for the determination of RK . In the
measurement of the rJ/ ratio, the systematic uncertainty is dominated by the imperfect
modelling of the B

+ production kinematics and the modelling of selection requirements,
which have a negligible impact on the RK measurement. No significant trend is observed
in the di↵erential determination of rJ/ as a function of any considered variable. An
example distribution, with rJ/ determined as a function of B+ momentum component
transverse to the beam direction, pT, is shown in Fig. 3. Assuming the observed rJ/ 

variation in such distributions reflects genuine mismodelling of the e�ciencies, rather than
statistical fluctuations, and taking into account the spectrum of the relevant variables in
the nonresonant decay modes, 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 . Similarly, double di↵erential computations of the rJ/ ratio also do
not show any trend and are consistent with the systematic uncertainties assigned on the
RK measurement.

In addition to B
+
! J/ K

+ decays, clear signals are observed from B
+
!  (2S)K+

decays. The double ratio of branching fractions, R (2S), defined by

R (2S) =
B(B+
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µ
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, (3)

provides an independent validation of the double-ratio analysis procedure and further
tests the control of the e�ciencies. This double ratio is expected to be close to unity [2]
and is determined to be 0.997 ± 0.011, where the uncertainty includes both statistical
and systematic e↵ects. This can be interpreted as a world-leading test of lepton flavour
universality in  (2S) ! `

+
`
� decays.

The fit projections for the m(K+
`
+
`
�) and mJ/ (K+

`
+
`
�) distributions are shown in
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Figure 3: Di↵erential rJ/ measurement. The distributions of (left) the B+ transverse momentum,
pT, and (right) the ratio rJ/ relative to its average value

⌦
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as a function of pT. The

distribution from the B+
! J/ K+ decays is similar to that of the corresponding B+

! K+`+`�

decays such that the measurement of rJ/ tests the kinematic region relevant for the RK

measurement. The lack of any dependence of the value of rJ/ /
⌦
rJ/ 

↵
as a function of B+ pT

demonstrates control of the e�ciencies.

6

) [rad]−l, +l(α
0 0.1 0.2 0.3 0.4 0.5

C
an

di
da

te
s (

ar
bi

tra
ry

 u
ni

ts
)

0

0.2

0.4

0.6

0.8

1

1.2 LHCb simulation
−e+e+ K→+B

−µ+µ+ K→+B
+)K−e+(eψ J/→+B

+)K−µ+µ(ψ J/→+B

]c)) [MeV/−l(
T
p), +l(

T
pmin(

1000 2000 3000 4000 5000

C
an

di
da

te
s (

ar
bi

tra
ry

 u
ni

ts
)

0

0.2

0.4

0.6

0.8

1

1.2 LHCb simulation

) [rad]−l, +l(α
0 0.1 0.2 0.3 0.4 0.5

〉 
ψ

J/ r〈
 / 

ψ
J/r

0.9

0.95

1

1.05

1.1

LHCb

]c)) [MeV/−l(
T
p), +l(

T
pmin(

1000 2000 3000 4000 5000

〉 
ψ

J/ r〈
 / 

ψ
J/r

0.9

0.95

1

1.05

1.1

LHCb

Figure 9: Di↵erential rJ/ measurement. (Top) distributions of the reconstructed spectra of
(left) the angle between the leptons, and (right) the minimum pT of the leptons. (Bottom) the
single ratio rJ/ relative to its average value
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as a function of these variables. In the

electron minimum pT spectra, the structure at 2800MeV/c is related to the trigger threshold.

other reconstructed quantities examined are compatible with the systematic uncertainties
assigned. In addition, rJ/ is computed in two-dimensional intervals of reconstructed
quantities, as shown in Fig. 10. Again, no significant trend is seen.

Systematic uncertainties

The majority of the sources of systematic uncertainty a↵ect the relative e�ciencies between
nonresonant and resonant decays. These are included in the fit to RK by allowing the
relative e�ciency to vary within Gaussian constraints. The width of the constraint
is determined by adding the contributions from the di↵erent sources in quadrature.
Correlations in the systematic uncertainties between di↵erent trigger categories and run
periods are taken into account. Systematic uncertainties a↵ecting the determination of
the signal yield are assessed using pseudoexperiments generated with variations of the fit
model. Pseudoexperiments are also used to assess the degree of bias originating from the
fitting procedure. The bias is found to be 1% of the statistical precision, i.e. negligible
with respect to other sources of systematic uncertainty.

For the nonresonant B+
! K

+
e
+
e
� decays, the systematic uncertainties are dominated

by the modelling of the signal and background components used in the fit. The e↵ect is at
the 1% level. A significant proportion (0.7%) of this uncertainty comes from the limited
knowledge of the K⇡ spectrum in B
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as a function of these variables. In the

electron minimum pT spectra, the structure at 2800MeV/c is related to the trigger threshold.

other reconstructed quantities examined are compatible with the systematic uncertainties
assigned. In addition, rJ/ is computed in two-dimensional intervals of reconstructed
quantities, as shown in Fig. 10. Again, no significant trend is seen.

Systematic uncertainties

The majority of the sources of systematic uncertainty a↵ect the relative e�ciencies between
nonresonant and resonant decays. These are included in the fit to RK by allowing the
relative e�ciency to vary within Gaussian constraints. The width of the constraint
is determined by adding the contributions from the di↵erent sources in quadrature.
Correlations in the systematic uncertainties between di↵erent trigger categories and run
periods are taken into account. Systematic uncertainties a↵ecting the determination of
the signal yield are assessed using pseudoexperiments generated with variations of the fit
model. Pseudoexperiments are also used to assess the degree of bias originating from the
fitting procedure. The bias is found to be 1% of the statistical precision, i.e. negligible
with respect to other sources of systematic uncertainty.

For the nonresonant B+
! K

+
e
+
e
� decays, the systematic uncertainties are dominated

by the modelling of the signal and background components used in the fit. The e↵ect is at
the 1% level. A significant proportion (0.7%) of this uncertainty comes from the limited
knowledge of the K⇡ spectrum in B
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Add a high q2 LFU 
measurement here

Add a single ratio cross-
check here (Ds→fp)



The broader landscape

• A further anomaly is seen in LFU ratios in b→cln decays
– Good theoretical control due to factorisation of hadronic and leptonic 

parts – again very clean
– Tree-level processes in SM – requires a huge NP effect, comparable 

with the SM amplitude 
– Drives idea of hierarchical effect: large NP effect in t; smaller in µ,

where have measured b→sµµ decays, and little/no effect in e modes

• Possible to make a NP explanation, coherent with b→sµµ
– Most discussed NP models involve Leptoquarks or Z’  
– Difficult to connect b→cln anomaly and g-2 anomaly, but is possible 

to connect b→sll anomalies and g-2 
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Fit to b→cln LFU ratios
• Combination of LHCb results with those from Babar/Belle 

• World average value shows a 3.1s tension with SM 
prediction (recent updates to SM theory from lattice)
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LHCb result
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•3D fit to 𝑚 ,𝐸∗, 𝑞

•Result: 𝑅 𝐷∗ = 0.336 ± 0.027 ± 0.030
◦ (2.1 sigma from CLN prediction)
◦ First measurement of a 𝑏 → 𝑋휏휈 decay at a 

hadron collider

• Dominant systematics from MC statistical 
uncertainty and background from hadrons 
misidentified as muons

PRL 115 111803(2015)

[PRL 115 (2015) 111803]

[P
hy

s.
 R

ev
. D

 9
7 

(2
01

8)
 0

72
01

3]

 [ps]τt
0 0.5 1 1.5 2

C
an

di
da

te
s /

 ( 
0.

25
 p

s )

0

500

1000

1500

2000

2500

3000

3500 LHCb
Data
Total model

τν+τ−*D → 0B
τν+τ**D → B
(X)+

sD−*D → B
(X)+D−*D → B
Xπ3−*D → B
(X)0D−*D → B

Comb. bkg.

]4c/2 [GeV2q
0 5 10

 )4 c/2
C

an
di

da
te

s /
 ( 

1.
37

5 
G

eV

0

500

1000

1500

2000

2500

BDT
0 0.1 0.2 0.3

C
an

di
da

te
s /

 0
.1

 

0

1000

2000

3000

4000

5000

6000

Figure 16: Projections of the three-dimensional fit on the (top) 3⇡ decay time, (middle) q2 and
(bottom) BDT output distributions. The fit components are described in the legend.

6 Determination of normalization yield

Figure 7 shows the D⇤�3⇡ mass after the selection of the normalization sample. A clear
B0 signal peak is seen. In order to determine the normalization yield, a fit is performed
in the region between 5150 and 5400MeV/c2. The signal component is described by the
sum of a Gaussian function and a Crystal Ball function [44]. An exponential function
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leptonic t 3-prong t

R(D*) = 
0.336±0.027±0.030 (2.1s above SM)

• R(D*) = 
0.286±0.019±0.025±0.021 
– 3rd uncertainty from 

B(B0→D*-p+p-p+, D*-µ+n)

0.9s above SM prediction
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Conclusions
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• Interesting set of anomalies observed in b→sll and
b→cln decays

• Would need some extraordinary effects to be able to 
escape data-driven calibrations and explain with 
‘experimental issues’ 

• Some of the theoretical issues still intractable – no 
knockout blow on the SM… yet… 


