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Electroweak penguins

2

‣  quark transitions are flavour-changing neutral currents (FCNC)

- Suppressed in the SM, occurring via loops or box diagrams


- Small BR prediction ~ 

- Sensitive to New Physics (NP) contributions

b → s(d) ll

10−6 − 10−7

‣ NP particles could:

- Enhance or suppress decay rates

- Modify angular distributions in final state

- Introduce CP violation source
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‣ At heavy hadron scale, FCNC described by Weak Effective Hamiltonian


‣ NP can modify the WCs :   


‣ Probing different  regions provides access to different WCs


‣  related to photon pole


‣  corresponding to vector and axial respectively
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Analyses in b → s(d) μμ
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Branching fractions

Angular observables

Lepton Flavour Universality

Uncertainty of 
SM predictions

Experimental 
challenge

dB(b → Vll)/dq2

B(b → VJ/ψ)

LFU tests in b ! s`` decays

RHs=

R q2max
q2
min

d�(Hb!Hsµ+µ�)

dq2 dq2

R q2max
q2
min

d�(Hb!Hs e+e�)

dq2 dq2

• RHs is unity in the SM
• Hadronic uncertainties cancel

in the ratio
• Branching fractions and

angular observables: affected
by hadronic uncertainties
Measurements of B ! sµ�µ+ processes at
LHCb

A. Ward talk at Lepton Photon
Angular distribution of ⇤b ! pK�`+`� decays
comprising ⇤ resonances with spin < 5/2

M. Kreps talk at Lepton Photon

Here focus on RK and RK⇤ determination with Run 1+2 LHCb data
,Biljana Mitreska 19 July 2023 LFU and LFV at LHCb 6

B. Mitreska : Tests of LFU and 
searches for LFU at LHCb

(d) (d)

https://indico.cern.ch/event/1114856/timetable/#83-tests-of-lepton-flavour-uni
https://indico.cern.ch/event/1114856/timetable/#83-tests-of-lepton-flavour-uni
https://indico.cern.ch/event/1114856/timetable/#83-tests-of-lepton-flavour-uni


Differential branching fractions: 
 b → s μ+μ−
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Run 1 ( )3 fb−1
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 Differential branching fractionsb → s μ+μ−

]4c/2 [GeV2q
0 5 10 15

]2
/G

eV
4 c [2 q

/dB
 d

0

0.05

0.1

0.15
6−10×

LHCb

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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[JHEP 06 (2015) 115]

Λ0
b → Λ0 μ+μ−

[JHEP 11 (2016) 047]

B0 → K*(892)0 μ+μ−

Run 1 : 2011-2012  

Run 2 : 2015-2018

≈ 3 fb−1

≈ 6 fb−1

[PRD 93 074501 (2016)]
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FIG. 8. ⇤b ! ⇤ µ
+

µ
� di↵erential branching fraction calculated in the Standard Model, compared to experimental data from

LHCb [28] (black points; error bars are shown both including and excluding the uncertainty from the normalization mode
⇤b ! J/ ⇤ [85]).

hdB/dq
2i hFLi hA`

FBi hA⇤
FBi hA`⇤

FBi hK̂2ssi hK̂2cci hK̂4si hK̂4sci
[0.1, 2] 0.25(23) 0.517(81) 0.095(15) �0.310(18) �0.0302(51) �0.233(19) �0.154(26) �0.009(22) 0.022(22)

[2, 4] 0.18(12) 0.856(27) 0.057(31) �0.306(24) �0.0169(99) �0.284(23) �0.0444(87) 0.031(36) 0.013(31)

[4, 6] 0.23(11) 0.813(42) �0.062(39) �0.311(17) 0.021(13) �0.282(15) �0.059(13) 0.038(44) 0.001(31)

[6, 8] 0.307(94) 0.730(48) �0.163(40) �0.316(11) 0.053(13) �0.273(10) �0.086(15) 0.030(39) �0.007(27)

[1.1, 6] 0.20(12) 0.820(32) 0.012(31) �0.309(21) �0.0027(99) �0.280(20) �0.056(10) 0.030(35) 0.009(30)

[15, 16] 0.796(75) 0.455(20) �0.374(14) �0.3069(83) 0.1286(55) �0.2253(69) �0.1633(69) �0.060(13) �0.0211(80)

[16, 18] 0.827(76) 0.418(15) �0.372(13) �0.2891(90) 0.1377(46) �0.2080(69) �0.1621(66) �0.090(10) �0.0209(60)

[18, 20] 0.665(68) 0.3714(79) �0.309(15) �0.227(10) 0.1492(37) �0.1598(71) �0.1344(70) �0.1457(74) �0.0172(40)

[15, 20] 0.756(70) 0.410(13) �0.350(13) �0.2710(92) 0.1398(43) �0.1947(68) �0.1526(65) �0.1031(97) �0.0196(55)

TABLE VII. Standard-Model predictions for the binned ⇤b ! ⇤ µ
+

µ
� di↵erential branching fraction (in units of 10�7 GeV�2)

and for the binned ⇤b ! ⇤(! p
+
⇡
�)µ+

µ
� angular observables (with unpolarized ⇤b). The first column specifies the bin ranges

[q2min, q
2
max] in units of GeV2.

The uncertainties given for the Standard-Model predictions are the total uncertainties, which include the statistical
and systematic uncertainties from the form factors (propagated to the observables using the procedure explained in
Sec. IV), the perturbative uncertainties, an estimate of quark-hadron duality violations (discussed further below),
and the parametric uncertainties from Eqs. (64), (69), and (70). For all observables considered here (but not for K̂3s

and K̂3sc), the uncertainties associated with the subleading contributions from the OPE (at high q2) are negligible
compared to the other uncertainties. The central values of the observables were computed at the renormalization
scale µ = 4.2 GeV; to estimate the perturbative uncertainties, we varied the renormalization scale from µ = 2.1 GeV
to µ = 8.4 GeV. When doing this scale variation, we also included the renormalization-group running of the tensor
form factors from the nominal scale µ0 = 4.2 GeV to the scale µ, by multiplying these form factors with

✓
↵s(µ)

↵s(µ0)

◆��
(0)
T /(2�0)

(72)

(as in Ref. [8]), where �(0)
T

= 2 CF = 8/3 is the anomalous dimension of the tensor current [98], and �0 = (11 Nc �

2 Nf )/3 = 23/3 is the leading-order QCD beta function [99] for 5 active flavors. Even though we did not perform
a one-loop calculation of the residual lattice-to-continuum matching factors for the tensor currents, our estimates of
the renormalization uncertainties in the tensor form factors as discussed in Sec. IV are specific for µ = 4.2 GeV, and
doing the RG running avoids a double-counting of these uncertainties. Note that the contributions of the tensor form
factors to the observables are proportional to 1/q2 (because of the photon propagator connecting O7 to the lepton
current), and are suppressed relative to those from the vector and axial vector form factors at high q2. At low q2,

‣LHCb data

‣SM Prediction (binned)

‣SM Prediction (unbinned)
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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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[JHEP 06 (2014) 133]

B(+) → K(+)μ+μ−

[JHEP 09 (2022) 133]
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Figure 4: Updated SM predictions for the normalized di↵erential branching ratios

and the optimized angular observable P
0
5
, which we overlay with two BSM scenar-

ios. The scenario labeled “BSM best fit” corresponds to the process-specific BSM

best-fit point of the likelihoods of Fig. 5. “BSM benchmark” is obtained by setting

C
BSM

9
= �C

BSM

10
= �0.5 and adapting all hadronic parameters. The small uncer-

tainty in the first bin of P
0
5

compared to the literature is due to a smaller soft gluon

contribution [39].

mode in our setup.

Results

In Figure 4 we compare our predictions with the available experimental data of the branching

ratios and the P
0
5

observable for B ! K
⇤
µ

+
µ

� in bins of q
2. Further plots confronting our SM

where µ,�stat and �syst are the mean, the statistical uncertainties and the systematic uncertainties, while ``
and J/ denote B(B ! Mµ+µ�) and B(B ! MJ/ ), respectively.
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Figure 4: Updated SM predictions for the normalized di↵erential branching ratios

and the optimized angular observable P
0
5
, which we overlay with two BSM scenar-

ios. The scenario labeled “BSM best fit” corresponds to the process-specific BSM

best-fit point of the likelihoods of Fig. 5. “BSM benchmark” is obtained by setting

C
BSM

9
= �C

BSM

10
= �0.5 and adapting all hadronic parameters. The small uncer-

tainty in the first bin of P
0
5

compared to the literature is due to a smaller soft gluon

contribution [39].

mode in our setup.

Results

In Figure 4 we compare our predictions with the available experimental data of the branching

ratios and the P
0
5

observable for B ! K
⇤
µ

+
µ

� in bins of q
2. Further plots confronting our SM

where µ,�stat and �syst are the mean, the statistical uncertainties and the systematic uncertainties, while ``
and J/ denote B(B ! Mµ+µ�) and B(B ! MJ/ ), respectively.
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[JHEP 09 (2022) 133]Run 1 SM Tensions: 

‣ Reported measurements below 

SM by 1-3  in low  bins


‣ Non-local hadronic uncertainties 
difficult to estimate


‣ Recently updated SM predictions, 
tensions persist

σ q2

As mentioned in talk by 
B. Allanach

https://arxiv.org/abs/1503.07138
https://arxiv.org/abs/1606.04731
https://arxiv.org/abs/1602.01399
https://arxiv.org/abs/1403.8044
https://arxiv.org/abs/2206.03797
https://arxiv.org/abs/2206.03797
https://indico.cern.ch/event/1114856/timetable/#52-fits-to-measurements-in-rar
https://indico.cern.ch/event/1114856/timetable/#52-fits-to-measurements-in-rar
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   [PRL 127 (2021) 151801]B0
s → ϕ μ+μ−
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Table 1: Di↵erential dB(B0
s ! �µ+µ�)/dq2 branching fraction, both relative to the normalization

mode and absolute, in intervals of q2. The uncertainties are, in order, statistical, systematic,
and due to the uncertainty on the branching fraction of the normalization mode.

q2 interval dB(B0
s ! �µ+µ�)/B(B0

s ! J/ �)dq2 dB(B0
s ! �µ+µ�)/dq2

[ GeV2/c4] [10�5GeV�2c4] [10�8GeV�2c4]

0.1–0.98 7.61± 0.52± 0.12 7.74± 0.53± 0.12± 0.37

1.1–2.5 3.09± 0.29± 0.07 3.15± 0.29± 0.07± 0.15

2.5–4.0 2.30± 0.25± 0.05 2.34± 0.26± 0.05± 0.11

4.0–6.0 3.05± 0.24± 0.06 3.11± 0.24± 0.06± 0.15

6.0–8.0 3.10± 0.23± 0.06 3.15± 0.24± 0.06± 0.15

11.0–12.5 4.69± 0.30± 0.07 4.78± 0.30± 0.08± 0.23

15.0–17.0 5.15± 0.28± 0.10 5.25± 0.29± 0.10± 0.25

17.0–19.0 4.12± 0.29± 0.12 4.19± 0.29± 0.12± 0.20

1.1–6.0 2.83± 0.15± 0.05 2.88± 0.15± 0.05± 0.14

15.0–19.0 4.55± 0.20± 0.11 4.63± 0.20± 0.11± 0.22
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Figure 2: Di↵erential branching fraction dB(B0
s ! �µ+µ�)/dq2, overlaid with SM predictions

using Light Cone Sum Rules [33, 35, 38] at low q2 and Lattice calculations [36, 37] at high q2.
The results from the LHCb 3 fb�1 analysis [1, 30] are shown with gray markers.

from Ref. [33] and Ref. [34]. The resulting branching fractions are

B(B0
s ! �µ+µ�)

B(B0
s ! J/ �)

= (8.00± 0.21± 0.16± 0.03)⇥ 10�4 ,

B(B0
s ! �µ+µ�) = (8.14± 0.21± 0.16± 0.03± 0.39)⇥ 10�7,

where the uncertainties are, in order, statistical, systematic, from the extrapolation to the
full q2 region, and for the absolute branching fraction, from the branching fraction of the
normalization mode.

4

‣ Update of    - factor four increase in number of  from 2015 paper


‣ Reconstructed in the  final state


‣ Veto  regions :


- Dominated by tree-level  modes


- Contributions from  at [0.98,1.1] 


‣  used as normalisation


‣ Differential BF determined via simultaneous fit to rare  bins, via extended ML fit

JHEP 1307 (2013) 084
JHEP 09 (2015) 179 B0
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SM tension

In low  [1.1,6.0] 

3.6  (LCSR + Lattice)
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BF measurement

B 0
s → ϕ μ +μ −
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Figure 4: Updated SM predictions for the normalized di↵erential branching ratios

and the optimized angular observable P
0
5
, which we overlay with two BSM scenar-

ios. The scenario labeled “BSM best fit” corresponds to the process-specific BSM

best-fit point of the likelihoods of Fig. 5. “BSM benchmark” is obtained by setting

C
BSM

9
= �C

BSM

10
= �0.5 and adapting all hadronic parameters. The small uncer-

tainty in the first bin of P
0
5

compared to the literature is due to a smaller soft gluon

contribution [39].

mode in our setup.

Results

In Figure 4 we compare our predictions with the available experimental data of the branching

ratios and the P
0
5

observable for B ! K
⇤
µ

+
µ

� in bins of q
2. Further plots confronting our SM

where µ,�stat and �syst are the mean, the statistical uncertainties and the systematic uncertainties, while ``
and J/ denote B(B ! Mµ+µ�) and B(B ! MJ/ ), respectively.
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Run 1+2 ( )9 fb−1

[JHEP 09 (2022) 133]

(     )     B(B0
s → ϕμ+μ−) = 8.14 ±0.22 ±0.16 ±0.39 ±0.03 × 10−7

stat
syst

extrapolation 

to full 
 range

q 2

absolute BF

https://arxiv.org/abs/2105.14007
https://arxiv.org/abs/2206.03797
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Figure 3: Reconstructed invariant mass of (left) the K+K�µ+µ� system and (right) the
K+K� system for B0

s ! f 0
2µ

+µ� candidates, overlaid with the fit projections. The m(K+K�)
distribution is shown in the B0

s signal region ±50MeV/c2 around the known B0
s mass.

for this factor, the relative and total branching fractions are determined to be

B(B0
s ! f 0

2µ
+µ�)

B(B0
s ! J/ �)

= (1.55± 0.19± 0.06± 0.06)⇥ 10�4 ,

B(B0
s ! f 0

2µ
+µ�) = (1.57± 0.19± 0.06± 0.06± 0.08)⇥ 10�7 ,

where the given uncertainties are, in order, statistical, systematic, from the extrapolation
to the full q2 range and, for the absolute branching fraction, from the uncertainty on the
branching fraction of the normalization mode. The total B0

s ! f 0
2µ

+µ� branching fraction
is found to be in agreement with SM predictions [41–43].

In summary, the most precise measurement of the branching fraction of the rare
B0

s ! �µ+µ� decay is presented, using LHCb data corresponding to an integrated
luminosity of 9 fb�1. Consistent with earlier measurements [1, 2], the data are found to lie
below SM expectations. In the q2 region between 1.1 and 6.0GeV2/c4 the measurement
deviates by 3.6 � with respect to a precise SM prediction [33, 35–38]. These results
supersede, and are consistent with, those of Refs. [1, 2]. In addition, the first observation
of the rare B0

s ! f 0
2µ

+µ� decay is reported with a statistical significance of nine standard
deviations and the resulting branching fraction is found to be in agreement with SM
predictions [41–43].
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 [PRL 127 (2021) 151801]B0
s → f ′ 

2(1525) μ+μ−

8

‣ First observation of a rare semi-leptonic decay involving a spin-2 meson 
in the final state


‣ Similar selection to  from same paper


‣ Combined fit to  regions [0.1, 0.98] ∪ [1.1,8.0] ∪ [11.0,12.5] 


‣ 2D fit to  and 


‣ S- and P-wave resonance contributions from e.g.  and  
combined in fit


‣ BF in agreement with SM

B0
s → ϕ μ+μ−

q2 GeV2/c4

m(K+K−μ+μ−) m(K+K−)
ϕ ϕ(1680)
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Figure 3: Reconstructed invariant mass of (left) the K+K�µ+µ� system and (right) the
K+K� system for B0

s ! f 0
2µ

+µ� candidates, overlaid with the fit projections. The m(K+K�)
distribution is shown in the B0

s signal region ±50MeV/c2 around the known B0
s mass.

for this factor, the relative and total branching fractions are determined to be

B(B0
s ! f 0

2µ
+µ�)

B(B0
s ! J/ �)

= (1.55± 0.19± 0.06± 0.06)⇥ 10�4 ,

B(B0
s ! f 0

2µ
+µ�) = (1.57± 0.19± 0.06± 0.06± 0.08)⇥ 10�7 ,

where the given uncertainties are, in order, statistical, systematic, from the extrapolation
to the full q2 range and, for the absolute branching fraction, from the uncertainty on the
branching fraction of the normalization mode. The total B0

s ! f 0
2µ

+µ� branching fraction
is found to be in agreement with SM predictions [41–43].

In summary, the most precise measurement of the branching fraction of the rare
B0

s ! �µ+µ� decay is presented, using LHCb data corresponding to an integrated
luminosity of 9 fb�1. Consistent with earlier measurements [1, 2], the data are found to lie
below SM expectations. In the q2 region between 1.1 and 6.0GeV2/c4 the measurement
deviates by 3.6 � with respect to a precise SM prediction [33, 35–38]. These results
supersede, and are consistent with, those of Refs. [1, 2]. In addition, the first observation
of the rare B0

s ! f 0
2µ

+µ� decay is reported with a statistical significance of nine standard
deviations and the resulting branching fraction is found to be in agreement with SM
predictions [41–43].
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Table 2: Signal yields and the absolute di↵erential branching fraction, in bins of q2, for the

⇤0
b ! ⇤(1520)µ+µ�

decay. The first uncertainty is statistical, the second systematic, and the

third due to the uncertainty on the ⇤0
b ! pK�J/ and J/ ! µ+µ�

branching fractions.

q2 interval [GeV2/c4] N⇤(1520)µ+µ�
dB(⇤0

b!⇤(1520)µ+µ�)

dq2 [10�8GeV�2c4]

0.1–3.0 96± 18 1.89± 0.35± 0.19± 0.36

3.0–6.0 138± 18 2.42± 0.32± 0.17± 0.45

6.0–8.0 65± 14 1.58± 0.36± 0.16± 0.30

11.0–12.5 59± 14 2.07± 0.47± 0.26± 0.39

15.0–17.0 12± 5 0.57± 0.24± 0.13± 0.11

1.1–6.0 175± 21 1.95± 0.23± 0.16± 0.37

di↵erence in e�ciency between the phase-space model and the model given in Ref [55]. In
addition, the systematic uncertainties due to the limited size of the simulated sample and
precision of the J/ ! µ+µ� and ⇤(1520) ! pK� branching fractions are also taken into
account.

The di↵erential branching fraction of the ⇤0
b ! ⇤(1520)µ+µ� decay in intervals of q2

is reported in Table 2, and is shown in Fig. 3. The SM prediction from Ref. [55], for which
only the form factor uncertainties are considered, and the SM prediction from Refs. [56]
and [57], are also shown. It is impossible to make a firm statement about the level of

0 5 10 15
]4c/2 [GeV2q

11−10

9−10

7−10

]4 c2−
 [G

eV
2 q

)/d−
µ+

µ
(1

52
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Λ
→0 b

Λ(Bd

LHCb
1−9 fb

Data

SM (LFQM)

SM (NRQM)

SM (LQCD)

SM (LQCD+DB)

Figure 3: Di↵erential branching fraction of the ⇤0
b ! ⇤(1520)µ+µ�

decay in intervals of q2. The
error bars in black, grey and green represent the measured results with statistical, systematic

and B(⇤0
b ! pK�J/ ) uncertainties taken into account. Also shown are the SM predictions

using the form factors calculated with the nonrelativistic quark model (NRQM) [55], light-front

quark model (LFQM) [56], joint lattice QCD and dispersive bound (LQCD+DB) [57] and lattice

QCD (LQCD) [58]. Note that the LQCD prediction is only available for q2 above 16GeV
2/c4,

and the trend instead of a rate average is shown.
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‣ Reconstructed as 


‣ Normalised to more abundant 


‣ Narrow  width of ~ 


‣ Spin parity of  provides info. on potential NP in 

Λ(1520) → pK−

Λ0
b → pK−J/ψ

Λ(1520) 16 MeV
JP = (3/2)− b → sll

high  (>15.0 )

SM consistent with data


low  (<8.0 )

Discrepancy but cannot make statement on 

agreement

Large variation in SM predictions

q2 GeV2/c4

q2 GeV2/c4

New

result!

Feb 2023

Run 1+2 ( )9 fb−1

https://arxiv.org/abs/2302.08262


Angular observables
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Angular analysis: B → Vll
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‣ Extract more information, complementary to branching fraction measurements 


‣ Kinematics of  decays described 


entirely by  and helicity angles, 

‣ Complex angular structures gives access 


to different operators in 


‣ Self-conjugated decays access CP averaged ( ) 


and CP asymmetry ( ) observables, sensitive to NP in WCs 


‣ Observables with reduced form-factors uncertainties:   , eg: the  tension

B → Vll

q2 ⃗Ω = (θh, θl, ϕ)

Heff

Si

Ai C7,9,10

P′ 
i =

Si

FL(1 − FL)
P′ 
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    [PRL 125 (2020) 011802]B0 → K*0μ+μ−     [JHEP 11 (2021) 043]B0
s → ϕ μ+μ−    [PRL 126 (2021) 161802]B+ → K*+μ+μ−
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2016

Run 1 + 2016 

preferred over SM at 3.3
ΔRe(C9) = − 0.99+0.25

−0.21
σ

Flavio [arXiv:1810.08132]

B0 → K*0μ+μ− [PRL 125 (2020) 011802]

yield =
4585

4.7 fb−1
yield =

1930
8.4 fb−1 yield =

737
9 fb−1

Covered by 
M. Rama

https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/2107.13428
https://arxiv.org/abs/2012.13241
https://arxiv.org/abs/2003.04831
https://indico.cern.ch/event/1114856/timetable/#18-searches-for-np-in-rare-had
https://indico.cern.ch/event/1114856/timetable/#18-searches-for-np-in-rare-had
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    [PRL 126 (2021) 161802]B+ → K*+μ+μ−
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‣ , 

‣ First measurement of full set of P-wave observables

‣ S-wave treated as nusiance parameters


‣ Optimised observables ( ’ ) used


‣ The majority of observables show good agreement with the SM predictions


‣ Deviations in  and  in the low  bins confirm the global tension 
observed in  [PRL 125 (2020) 011802]

B0 → (K*+ → K0
s π+) μ+μ− K0

s → π+π−

P(
i

)

P′ 
5 (S5) P2 (AFB) q2

B0 → K*0μ+μ−

Run 1+2 ( )9 fb−1

https://arxiv.org/abs/2012.13241
https://arxiv.org/abs/2003.04831
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Figure 3: CP -averaged angular observables FL and S3,4,7 and CP -asymmetries ACP
FB and A5,8,9

shown by black crosses, overlaid with the SM prediction [23–26] as blue boxes, where available.
The grey crosses indicate the results from Ref. [4]. The grey bands indicate the regions of the
charmonium resonances and the B0

s ! �� region.
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Figure 3: CP -averaged angular observables FL and S3,4,7 and CP -asymmetries ACP
FB and A5,8,9

shown by black crosses, overlaid with the SM prediction [23–26] as blue boxes, where available.
The grey crosses indicate the results from Ref. [4]. The grey bands indicate the regions of the
charmonium resonances and the B0

s ! �� region.
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    [JHEP 11 (2021) 043]B0
s → ϕ μ+μ−Run 1+2016+17+18 ( )8.4 fb−1
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‣ Complementary to BF measurement — same selection criteria

‣ Update of JHEP 09 (2015) 179


‣ Simultaneous fit to , 

‣ S-wave not constrained (treated as systematic uncertainty)

‣ Agreement between SM predictions and data — CP asymmetries ~0

‣ Mild tension seen in FL

⃗Ω m(Kπμμ)

 : fraction of longitudinal 
polarisation of the hadronic meson
FL = S1c

https://arxiv.org/abs/2107.13428
https://arxiv.org/abs/1506.08777


b → dμμ
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 search     [JHEP 05 (2022) 067]B0 → ϕ μ+μ−

15

‣ At tree-level, decays via  colour-suppressed 
annihilation penguins, BF ~ 


‣ Dominated by EWP contributions from  mixing 
with larger BF ~ , with potential NP effects

ss̄
𝒪(10−12)

ω − ϕ
𝒪(10−10)

‣ Searched in rare  regions


‣ Normalised to , with existing LHCb measurement

‣ BF ratio,


 at 90% CL


‣ Upper limit, accounting for full  range: 


 at 90% CL

‣ Compatible with SM predictions

q2

B0
s → ϕ μ+μ−

R =
B(B0 → ϕμ+μ−)
B(B0

s → ϕμ+μ−)
< 4.4 × 10−3

q2

B(B0 → ϕμ+μ−) < 3.2 × 10−9

No statistically significant signal observed 
above the background

‣ 

‣ 

‣Partial Reco

‣Combinatorial

‣ 

‣ 

‣

B0 → ϕμ+μ−

B0
s → ϕμ+μ−

Λ0
b → pK−μ+μ−

B0
s → (D−

s → ϕμ−ν̄) μ+ν
B0

s → (K*0 → K+π−) μ+μ−

Run 1+2 ( )9 fb−1

https://arxiv.org/abs/2201.10167
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Summary
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New results: 


‣ Several results in semi-leptonic  sector


‣ Steps into measuring  observables


‣ Constraints on NP models

‣ Tensions with SM persist

b → sμμ

b → dμμ

Run 1 & 2: 

‣  More results to come: 


• Updates of Run 1 measurements

• Analysing new channels/observables

• Eg: Can perform unbinned angular analyses

Upgraded detector: 


‣ 5x luminosity, aim to collect  in Runs 3 & 4


‣ Large step in sensitivity of EWP measurements


‣ Opportunity for precise measurements in 

50 fb−1

b → dl+l−

Stay tuned for many 
more LHCb results in the future!
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First 
collisions! 
LHCb control room 
July 5 2022

Current status: 
Almost all of LHCb is 
installed! 
Commissioning in progress

‣ Thanks for listening

LHC Run3 First collisions

LHCb control room July 5 2022



Backup
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LHCb results
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‣ Branching fractions: 


•    (Run 1) [JHEP 06 (2014) 133]


•    (Run 1) [JHEP 06 (2015) 115 + erratum JHEP 09 (2018) 145]


•   (Run 1) [JHEP 11 (2016) 047+ erratum JHEP 04 (2017) 142]


•  and    (Run 1+2) [PRL 127 (2021) 151801]


•    (Run 1) [arXiv:2302.08262]


‣ Angular observables: 


•    (Run 1) [JHEP 05 (2014) 082]


•    (Run 1) [JHEP 06 (2015) 115]


•    (Run 1) [JHEP 09 (2015) 179]


•    (Run1+2) [JHEP 11 (2021) 043]


•    (Run 1+ 2016) [PRL 125 (2020) 011802]


•    (Run 1+2) [PRL 126 (2021) 161802]

‣ Searches: 


•  (Run 1+2) [JHEP 05 (2022) 067]

B → K(*) μ+μ−

Λ0
b → Λ0 μ+μ−

B0 → K*(892)0 μ+μ−

B0
s → ϕ μ+μ− B0

s → f ′ 
2(1525) μ+μ−

Λ0
b → Λ(1520) μ+μ−

B(+) → K(+)μ+μ−

Λ0
b → Λ0 μ+μ−

B0
s → ϕ μ+μ−

B0
s → ϕ μ+μ−

B0 → K*0μ+μ−

B+ → K*+μ+μ−

B0 → ϕ μ+μ−

https://arxiv.org/abs/1403.8044
https://arxiv.org/abs/1602.01399
https://arxiv.org/abs/1606.04731
https://arxiv.org/abs/1606.04731
https://arxiv.org/abs/1606.04731
https://arxiv.org/abs/2105.14007
https://arxiv.org/abs/2302.08262
https://arxiv.org/abs/1403.8045
https://arxiv.org/abs/1602.01399
https://arxiv.org/abs/1506.08777
https://arxiv.org/abs/1506.08777
https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/2012.13241
https://arxiv.org/abs/2201.10167
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The  distributionq2
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Prog.Part.Nucl.Phys.02 (2017) 50

‣ ‣ ‣

≡ m(μμ)2

Rare dominated regions

tree-level b → cc̄s

https://arxiv.org/abs/1606.00916
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The LHCb detector
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Figure: LHCb detector during Run 1 & 

‣ Forward detector: 


27% of  hadrons from  collisions within 
acceptance


‣ Vertex locator: 

Precise reconstructions of b and c hadronic decays


‣ Tracking: 


~96% efficiency, 


‣ Charged particle ID: 


Efficient identification [ , 
]


‣ Trigger: 


~90% efficiency on di-  channel

b pp

Δp/p ≈ 0.5 − 1 %

ϵμ→μ ≈ 97 %
ϵπ→μ ≈ 1 − 3 %

μ

‣ Why  ? :


- Dedicated  tracking stations


- Low  Bremsstrahlung reconstruction efficiency 


-  low resolution from missing 


‣  most  results at LHCb currently 

b → sμμ
μ

e±

τ± → μ±νμντ νμντ

∴ b → sll l = μ
JINST 14 (2019) P11023

https://arxiv.org/abs/1909.02957
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Angular observables

22

‣ Kinematics of  decays described entirely by  and 
helicity angles, 


‣ Complex angular structures gives access to different 
operators in 


‣ Self-tagging decays access CP averaged observables

B → Vll q2

⃗Ω = (cos θh, cos θl, ϕ)

Heff

K+

π−

K∗0 θK

µ+

µ−

B0

θ!

(a) θK and θ# definitions for the B0 decay

µ−

µ+

K+

π−

B0

K∗0
φ

K+ π−

n̂Kπ

!p̂Kπ

µ−

µ+

n̂µ+µ−

(b) φ definition for the B0 decay

π+

K−

K∗0

µ−

µ+

B0

φ

K− π+

n̂Kπ

! p̂Kπ

µ−

µ+

n̂µ−µ+

(c) φ definition for the B0 decay

‣ Self-conjugated decays access CP averaged ( ) and CP 
asymmetry ( ) observables, sensitive to NP in WCs 


‣ Observables with reduced form-factors observed, eg: 





‣  best known discrepancy 


Si
Ai C7,9,10

P′ 
i =

Si

FL(1 − FL)

P′ 
5
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    [PRL 125 (2020) 011802]B0 → K*0μ+μ− Dataset : Run 1 + 2016 ( )4.7 fb−1
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‣ 5D simultaneous fit to , ,  


‣  fit used to constraint S-wave interference


‣  tension reduced to 2.8  and 3.0  wrt. Run 1 ( ) analysis [JHEP 02 (2016) 104]


‣ Reduced tension in  bins [4.0,6.0] and [6.0,8.0] 


‣  preferred over SM at 3.3
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