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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.
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Introduction
• Interesting set of anomalies have appeared in 

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

• Reminder of key LFU measurements and outlook for 
such measurements

• Mention connection to non-LFU measurements
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LFU in b→c decays
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LFU in b→c decays
• Anomaly is seen in LFU ratios with semileptonic b→cln

decays

• Good theoretical control due to factorisation of hadronic 
and leptonic parts – then theoretically pristine quantity 
e.g. in case of b→cln transition,

– Tree-level processes in SM – requires a huge NP effect, comparable 
with the SM amplitude in order to explain data with new physics

– Drives idea of hierarchical effect: large NP effect in t, smaller in µ, e
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What we want to measure
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o Theoretically clean due to cancellation of 
form factor uncertainties
• Poorly-measured helicity suppressed 

amplitudes give dominant uncertainty
• SM predictions are precise. HFLAV global 

fits currently use: 
𝑅 𝐷 ൌ 0.300ሺ8ሻ

[EPJ C77 112 (2017)](Lattice/FLAG)
𝑅 𝐷∗ ൌ 0.252ሺ3ሻ

[PRD 85 094025 (2012)] (CLN)
• Alternate prediction with BGL z-

expansion FFs plus Belle unfolded 𝐵 →
𝐷∗ℓߥ differential distributions

𝑅 𝐷∗ ൌ 0.258ሺ5ሻ
[arXiv 1707.09977]

𝑅 𝐷∗ ൌ 0.260ሺ8ሻ
[arXiv 1707.09509]

Semileptonic B decays

o ͞Beƚa decaǇ͟ of B hadronƐ ʹ signature is lepton (μ or e (or 𝜏!)) , recoiling hadronic 
system, and missing momentum

ම Tree-level transition in SM ʹ strong V-A structure

o Theoretically under good control due to factorization of hadronic and leptonic part
oHadronic matrix element ത𝐵 𝒪 𝐻௖ decomposed in terms of Lorentz structure with 

nonperƚƵrbaƚiǀe Ɛcalar fƵncƚionƐ of momenƚƵm ƚranƐfer ;͞form factors͟Ϳ

o Charged lepton universality implies branching fractions for semileptonic decays to 
𝑒, 𝜇, 𝜏 differ only by explicit mass-dependence
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LHCb RD* result – leptonic t

• Very challenging analyses in 
our environment at LHCb

• 3D fit to (mmiss
2, Eµ*,q2)

• R(D*) = 0.336±0.027±0.030 

• 2.1s above SM prediction

5

LHCb result

15

•3D fit to 𝑚௠௜௦௦
ଶ , 𝐸ఓ∗, 𝑞ଶ

•Result: 𝑅 𝐷∗ ൌ 0.336 േ 0.027 േ 0.030
◦ (2.1 sigma from CLN prediction)
◦ First measurement of a 𝑏 → 𝑋߬ߥ 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]



LHCb RD* result – 3-prong t

• Largest residual background 
B→D*DS[→3𝜋X]

• Train BDT to separate from signal 
using 3𝜋 dynamics, visible mass, 
momenta etc.

• 3D fit to (BDT, tt, q2)

• R(D*) = 0.286±0.019±0.025±0.021 
– 3rd uncertainty from B(B0→D*-p+p-p+) 

and B(B0→D*-µ+n)

• 0.9s above SM prediction
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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

23



Fit to b→cln LFU ratios
• Combination of these results with those from Babar/Belle 

• World average value SM predictions shows a 3s tension
– Key theory inputs from lattice give confidence in SM predn.
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LHCb RJ/y result
• Have made analogous measurement to 

RD* with Bc
+ mesons

• Reconstruct J/y→µµ final state, giving 
a striking signal signature 
– But production of Bc+ mesons

• Improvements in lattice mean this is
result also of increased interest : 
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Figure 1: Distributions of (top) m2
miss, (middle) decay time, and (bottom) Z of the signal data,

overlaid with projections of the fit model with all normalization and shape parameters at their
best-fit values. Below each panel di↵erences between the data and fit are shown, normalized by
the Poisson uncertainty in the data; the dashed lines are at the values ±2.

templates derived from each of these methods, and an uncertainty is assigned using
half the di↵erence between the two minima. The systematic uncertainty due to the
combinatorial background cocktail is determined by varying the linear correction made to
its J/ µ+ mass distribution, described above, within its bounds. The contribution due
to the combinatorial background in the J/ peak region is determined by varying the
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𝑅 𝐽/𝜓

• Advantage: striking tri-muon signature in 𝜏 → 𝜇𝜈𝜈, 𝐽/𝜓 → 𝜇𝜇 decay chain
◦ Disadvantage: lighter b hadrons 100x more common – large background from inclusive 
𝐽/𝜓+misidentified hadron

• 3D fit in 𝑚𝑚𝑖𝑠𝑠
2 , 𝜏𝐵, and 𝑞2/𝐸ℓ categorical variable 𝑍 (not shown) uses only on Run1 

dataset and is limited by statistics and (lack of) knowledge of form factors
◦ Efficient triggering and event selection even in higher pileup (LHCb upgrade) 

environment – good target for any LHCb upgrade scenario
◦ Analysis in the 𝜏 → 3𝜋𝜈 submode can also expect to benefit from high efficiency

20

New!

𝑅 𝐽/𝜓 ≡
ℬ 𝐵𝑐+ → 𝐽/𝜓𝜏𝜈
ℬ 𝐵𝑐+ → 𝐽/𝜓𝜇𝜈

ൌ 0.71 ± 0.17 ± 0.18

arXiv:1711.05623

Current Results

Lattice only Lattice+Exp6 Experiment Tension
R(D) 0.293(4)7 0.299(3) 0.340(30) 1.4�
R(D⇤) 0.265(13) 0.2483(13) 0.295(14) 3.3�
R(Ds) 0.299(5) � � �
R(D⇤

s ) 0.244(8) � � �
R(J/ ) 0.258(4) � 0.71(25)8 1.8�

HFLAV average, Fermilab-MILC, HPQCD.

Vcb

B ! D 39.58(94)exp(37)th ⇥ 10�3 HFLAV
B ! D

⇤ 38.76(42)exp(55)th ⇥ 10�3

Bs ! D
(⇤)
s 42.3(1.2)exp(1.2)th ⇥ 10�3 LHCb (2001.03225)

B ! Xc`⌫ 42.16(51) ⇥ 10�3 Bordone et al.(2107.00604)

6
Assumes new physics only possible in semitauonic mode

7
FLAG review

8
LHCb-1711.05623

7/ 21

[PRL 120 (2018) 121801]

[arXiv:2111.06782]



LFU in b→c decays – Outlook
• Largest systematic uncertainty on RD* result is from 

simulation statistics 
– Fast simulation developments will address this for future 

measurements   [EPJC 79 (2018) 1009] 
– Other major uncertainty from double charm - can improve with 

more data and additional external measurements
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LFU in b→c decays – Outlook
• Will make a simultaneous measurement of RD,RD* with

full Run2 dataset
• In addition, many additional measurements in progress : 

– RD+, RLc+ RDs+

• Update RJ/y to using Run 2 data and add hadronic t’s

10



LFU in b→c decays – Outlook

• If we can continue to control the systematics a further LHCb-
upgrade could give access to %-level uncertainties  

11

Experimental Outlook

8 / 21



LFU in b→s decays
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LHCb RK result
• RK with full Run1 and Run2 dataset 

• Compatibility with the SM obtained by 
integrating the profiled likelihood as a 
function of RK above 1 

• p-value under SM hypothesis: 0.0010 
• → Evidence of LFU violation at 3.1s

• Paper accepted by Nature Physics
13

RK with full Run1 and Run2 dataset

RK = 0.846 +0.042
�0.039 (stat) +0.013

�0.012 (syst)

⌘ p-value under SM hypothesis: 0.0010
! Evidence of LFU violation at 3.1�

⌘ Compatibility with the SM obtained by
integrating the profiled likelihood as a
function of RK above 1

⇤ Taking into account the 1% theory
uncertainty on RK [EPJC76(2016)8,440]
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Derived quantities

14

• Use RK and previous measurement of B(B+→K+μ+μ−) 
[JHEP06(2014)133] to determine B(B+→K+e+e−) 

• Electrons more SM-
like than muons ??? 
Again, hierarchical 
idea … 

RK with full Run1 and Run2 dataset

RK = 0.846 +0.042
�0.039 (stat) +0.013

�0.012 (syst)

⌘ p-value under SM hypothesis: 0.0010
! Evidence of LFU violation at 3.1�

⌘ Using RK and previous measurement of
B(B+

! K+µ+µ�) [JHEP06(2014)133]

determine B(B+
! K+e+e�).

⌘ Suggests electrons are more SM-like than
muons.
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• Recent RK*+, RK0 results ~2s
consistency with SM
– Can accommodate these 

results and other b→s
measurements with vector 
NP contribution

– Possible LFU NP 
contribution?

– Possible RH contribution?

• Older RK* result also below 
SM prediction

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
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical and
systematic uncertainties.

Figure 10. (Left) Comparison of the LHCb RK∗0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30–32], flav.io [33–35] and JC [36]. 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 charmonium resonances are not represented.

– 20 –

BaBar:[PRD86(2012)032012],Belle:[PRL103(2009)171801]

RK result with 2011 to 2016 data LHCb-Paper-2019-009

Using 2011 and 2012 LHCb data, RK was:

RK = 0.745+0.090
�0.074(stat.)± 0.036(syst.),

� 2.6� from SM (PRL113(2014)151601).

Adding 2015 and 2016 data, RK becomes:

RK = 0.846 +0.060
�0.054(stat.) +0.016

�0.014(syst.)

� 2.5� from SM. ]4c/2 [GeV2q
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Further b→s LFU results

15

[JHEP 08 (2017) 055]

[arXiv:2110.09501]



LFU in b→s decays – outlook 
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Analysis Strategy

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

• Test control of the absolute scale of the efficiencies by 
instead measuring the single ratio rJ/y - compatible with 1

16

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�))
=

Nrare
µ+µ�"

J/ 
µ+µ�
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µ+µ�
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NJ/ 

e+e�
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Nrare
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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

d�

dq2
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]
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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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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

(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
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rJ/ 
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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,+)
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+
⇡
(�,0)

e
+
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� decays. In addition, a 0.2%

17

[arXiv:2103.11769]

Existing rJ/Y
cross-check



LFU in b→s decays – outlook

20

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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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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⇡
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e
+
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� 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/ 
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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)

Existing rJ/Y
cross-check



LFU in b→s decays – outlook
• New physics models that 

can explain the anomalies 
predict collosal effects in 
b→stt processes

• Major new front in LFU 
measurements at LHCb
will be trying to improve 
existing limits on such 
decays… 
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b→sll branching fractions
• 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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Patrick Koppenburg Recent highlights on heavy quarks 24/08/2016 — QCD@LHC, Zürich [49 / 70]

BFs too low in b⇥ sµ+µ� decays?
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BFs too low in b⇥ sµ+µ� decays?
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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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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

B U"y
b ! �µ+µ�V `2bmHi

(G>*"@S�S1_@kykR@yR9- BM T`2T�`�iBQM)

_mM R `2bmHi,
(C>1S yN UkyR8V RdN)- (�`sBp,kRyjXye3Ry)

aJ G*a_,
("?�`m+?� 2i �HX- C>1S y3 UkyReV yN3)-
(�HiK�MMb?Q72` 2i �HX- 1SC * d8 UkyR8V j3k)-
(ai`�m#- �`sBp,R3RyXy3Rjk)

aJ G*a_YG�iiB+2,
Y(>Q`;�M 2i �HX- S_G RRk UkyR9V kRkyyj)-
Y(>Q`;�M 2i �HX- SQa G�hhA*1kyR9 UkyR8V jdk)

[k 2 [R.R, e.y] /B("y
b ! �µ+µ�)//[k = (k.33 ± y.kR)⇥ Ry�3 :2ok/+9 UT`2HBKBM�`vV

h2MbBQM rBi? aJ �i R.3� UG*a_V �M/ j.e� UG*a_YG�iiB+2V

[k@BMi2;`�i2/ B("y
b ! �µ+µ�) = (3.R9±y.kR| {z }

bi�iX

±y.Re| {z }
bvbiX

±y.jN| {z }
MQ`KX

±y.yj| {z }
[k 2ti`�TX

)⇥ Ry�d UT`2HBKBM�`vV
(C>1S yN UkyR8V RdN)- (�`sBp,kRyjXye3Ry)

B("y
b ! �µ+µ�) = (d.89+y.9j

�y.9R ± y.kR ± y.je ± y.kk)⇥ Ry�d

aX E`2ixb+?K�` U_qh>V L2r `2bmHib BM # ! b`+`� �T`BH k3i?- kykR Re f RN

[arXiv:2105.14007] 
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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?
• Key future (LFU) measurement : P5’ in the B0→K*0ee mode

[PRL 125 (2020) 011802]
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Conclusions
• Interesting set of anomalies observed in b→cln and
b→sll decays

• Upcoming suite of measurements will help us get clarity 
– Increased precision with the LHCb-upgrade and further 

measurements with Run1+2 data
– New decays and techniques to help address some of the 

underlying experimental and theoretical issues 
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RK Parameter overlap
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Parameter overlap (I)

Distributions of rare & control samples (I)
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Parameter overlap (II)

Distributions of rare & control samples (II)
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