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FCNC processes b➝s(d)μ+μ− : 
golden indirect probes of NP
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clean exp signature;
robust theory calc;
high sensitivity
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Effective theory:Different processes are sensitive to different operators

b➝dμ+μ−
ü Sensitive to NP
ü additional suppression occurs 

through the factor Vtd
ü Could constrain |Vtd/Vts|,

together with b➝sμ+μ−

“B anomalies”=> flood of NP models
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l Unprecedented large datasets
l Flexible triggers
l Large silicon tracking
l Strong magnetic field
l Broad acceptance
l Superb muon systems
l Great complementarity

LHC experiments for heavy flavor decays

LHC detectors and coverages

4

6th LHCP conference 4-9 June 2018 – Bologna 03

Quarkonium production

For both ATLAS and CMS experiments, dimuon decays
provide a particularly clean signature to trigger on in
order to reconstruct quarkonium states

[1]	PRL 114,	191802

7	TeV13	TeV

Sketch	by	Qipeng Hu

Non-prompt

Prompt
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The analyzed pp collision datasets
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LHC delivered pp lumi to ATLAS & CMS

LHCb collected lumi: ~1fb-1(7TeV),  ~2fb-1(8TeV), ~2+3.5fb-1 (13TeV)
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𝑩𝟎 → 𝑲∗𝟎 𝝁'𝝁(

Flagship bàs μ+ μ− measurements

2020/6/8 FPCP2020 5



Dayong Wang

𝑩𝟎 → 𝑲∗𝟎 𝝁'𝝁( Decay Parameters
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69

Decay Rate

Mauro Dinardo, Universita` degli Studi di Milano Bicocca and INFN

1 Introduction1

The B0
! K⇤0µ+µ� decay,1 where K⇤0

! K+⇡�, is a b ! s flavour changing neutral2

current process that is mediated by electroweak box and penguin type diagrams in the3

Standard Model (SM). The angular distribution of the K+⇡�µ+µ� system o↵ers particular4

sensitivity to contributions from new particles in extensions to the SM. The di↵erential5

branching fraction of the decay also provides information on the contribution from those6

new particles but typically su↵ers from larger theoretical uncertainties due to hadronic7

form factors.8

The angular distribution of the decay can be described by three angles (✓`, ✓K and9

�) and by the invariant mass squared of the dimuon system (q2). The B0
! K⇤0µ+µ�

10

decay is self-tagging through the charge of the kaon and so there is some freedom in the11

choice of the angular basis that is used to describe the decay. In this paper, the angle12

✓` is defined as the angle between the direction of the µ+ (µ�) in the dimuon rest frame13

and the direction of the dimuon in the B0 (B0) rest frame. The angle ✓K is defined as14

the angle between the direction of the kaon in the K⇤0 (K⇤0) rest frame and the direction15

of the K⇤0 (K⇤0) in the B0 (B0) rest frame. The angle � is the angle between the plane16

containing the µ+ and µ� and the plane containing the kaon and pion from the K⇤0. A17

detailed description of the angular basis is given in Appendix A. In this basis, the angular18

definition for the B0 decay is a CP transformation of that for the B0 decay.19

Using the notation of Ref. [1], and assuming equal numbers of B0 and B0 decays, the20

di↵erential decay rate corresponds to21

1

d�/dq2
d4�

dq2 d cos ✓` d cos ✓K d�
=

9

32⇡

h
Ss
1 sin

2 ✓K + Sc
1 cos

2 ✓K +

Ss
2 sin

2 ✓K cos 2✓` + Sc
2 cos

2 ✓K cos 2✓` +

S3 sin
2 ✓K sin2 ✓` cos 2�+ S4 sin 2✓K sin 2✓` cos� +

S5 sin 2✓K sin ✓` cos�+ S6 sin
2 ✓K cos ✓` +

S7 sin 2✓K sin ✓` sin�+ S8 sin 2✓K sin 2✓` sin� +

S9 sin
2 ✓K sin2 ✓` sin 2�

i
,

(1)

22

where the Si terms are CP averages between B0 and B0 of bilinear combinations of K⇤0
23

decay amplitudes that vary with q2. The terms S7, S8 and S9 are suppressed by the small24

size of the strong phase di↵erence between the amplitudes involved and are expected to25

be close to zero across the full q2 range not only in the SM but also in most extensions.26

To reveal the e↵ect of new particles, it is better to look instead at the corresponding CP27

asymmetries A7, A8 and A9, between B0 and B0, which are not suppressed by the size of28

1Charge conjugation is implied throughout this paper unless stated otherwise.

1

Complete description of the decay rate:
11 variables !

Complete description of the decay rate: 11 variables, 
with physics constraints
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Simplified decay rate parameters
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FL :Fraction of longitudinal polarization of 
the K* 
AFB:Forward-backward asymmetry of the 
dilepton system

Example: CMS 2013/2016
parameterization

With limited statistics, symmetry is usually used to simplify the decay rate parameters
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Early results with reduced parameters

2020/6/8 FPCP2020 8

CMS Collaboration / Physics Letters B 753 (2016) 424–448 431

Fig. 4. Measured values of FL, AFB, and dB/dq2 versus q2 for B0 → K∗0µ+µ− . The 
statistical uncertainty is shown by the inner vertical bars, while the outer vertical 
bars give the total uncertainty. The horizontal bars show the bin widths. The vertical 
shaded regions correspond to the J/ψ and ψ ′ resonances. The other shaded regions 
show the two SM predictions after rate averaging across the q2 bins to provide a 
direct comparison to the data. Controlled theoretical predictions are not available 
near the J/ψ and ψ ′ resonances.
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decays. The remaining experiments add the corresponding B+ decay, and the BaBar 
and Belle experiments also include the dielectron mode. The vertical bars give the 
total uncertainty. The horizontal bars show the bin widths. The horizontal positions 
of the data points are staggered to improve legibility. The vertical shaded regions 
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results are in good agreement with the
SM predictions
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Fitting optimized variables: LHCb
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𝑩𝟎 → 𝑲∗𝟎 𝝁'𝝁(：𝐂𝐌𝐒 P1 and P5’ r𝐞𝐬𝐮𝐥𝐭𝐬

• Fit in seven 𝑞# bins from 1 to 19 𝐺𝑒𝑉#, yielding 1397 signal and 1794 bkg evts

• Consistent with SM and previous measurements.

Ψ(2s)J/ψ

Phys. Lett. B 781 (2018) 517

2020/6/8 FPCP2020 10

J/ψ

Ψ(2s)

LHCb: JHEP 02 (2016) 104
Belle: Phys. Rev. Lett. 118, 111801 (2017) 
SM-DHMV: JHEP 01 (2013) 048, JHEP 05 (2013) 137

S-wave and S-P wave interference

P-wave



Dayong Wang

𝑩𝟎 → 𝑲∗𝟎 𝝁'𝝁( angular analysis: ATLAS
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JHEP 10 (2018) 047

ü Based on 8TeV data, 20.3 fb-1

ü Three exclusive bins of q2 in the range 
0.04 to 6.0 GeV2

ü Yield: 348 signals, 439 bkgs
ü Three parameters extracted in each fit
ü Compatible with the results of LHCb,

CMS, Belle
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LHCb 2020 updates
n Analyzed with both Si

basis(8 obs.) and Pi
basis(7 obs.)

n Combining Run1 and 
2016 datasets with a 
simultaneous fit 

n Angular efficiencies 
measured in MC with the 
method of moments 

n S-wave included in the fit 
function, with the S-P 
interference as well 
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Fitting and uncertainties
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LHCb 2020: fitting results
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LHCb 2020: updated tensions
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p Local tension in P5’: 2.5s /2.9s
p Global tension slightly increases
p The exact significance depends on 

the nuisance parameters and q2 bins 
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Prospects for HL-LHC
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CMS-PAS-FTR-18-033 

ü Yields of fully reconstructed 
B2 → K∗2 µ'µ( decays: LHCb: 440k, 
CMS:  700k 

ü Precise determination of the angular 
observables in narrow bins of q2 or 
using a q2-unbinned approach 

ATL-PHYS-PUB-2019-003

LHCB-PUB-2018-009
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Other bàs μ+ μ− measurements

𝑩𝒔
𝟎 → 𝜱𝝁'𝝁(

Lb → L 𝝁'𝝁(
𝑩' → 𝑲' 𝝁'𝝁(
𝑩𝟎 → 𝑲𝒔

𝟎 𝝁'𝝁(
2020/6/8 FPCP2020 17
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JHEP 09 (2015) 179
𝑩𝒔

𝟎 → 𝜱𝝁'𝝁(

Lb → L 𝝁'𝝁(

JHEP 06 (2015) 115 JHEP 09 (2018) 146

3fb-1

3fb-1

5fb-1

angular observables

https://doi.org/10.1007/JHEP06(2015)115
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B& → K&𝜇&𝜇)：Angular analysis
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ØThe differential decay rate of the B!(B") decay, as a function of 𝑐𝑜𝑠 𝜃#, 
can be written as:

$
%
&%[(/→*/+/+0]

& -./ 01
= 1

2
1 − F3 1 − cos4 𝜃# + $

4
F3 +𝒜5( cos 𝜃#

0 ≤ F3 ≤ 3, |𝒜5(| ≤ min(1, ⁄F3 2)

𝜃2 :  angle between the µ4(µ5) and the K5(K4) in the rest frame of the dimuon system.
𝒜89: µ4µ5 forward-backward asymmetry.
F;:  the contribution from (pseudo)scalar and tensor amplitudes to the decay width.

Ɋି

Ɋା

�ା

�ା z

ߴߴ
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K𝝁&𝝁): LHCb 𝐚𝐧𝐠𝐮𝐥𝐚𝐫 𝐚𝐧𝐚𝐥𝐲𝐬𝐞𝐬

n Results agree with SM
n 1fb-1 Differential BF result

is below prediction
u JHEP 02 (2013) 105

n Deviation from LFU
u r.f. Mick’s talk
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𝑩' → 𝑲' 𝝁'𝝁(

𝑩' → 𝑲' 𝝁'𝝁(

𝑩𝟎 → 𝑲𝒔
𝟎 𝝁'𝝁(

3fb-1
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𝐁& → 𝐊&𝝁&𝝁) : 𝐂𝐌𝐒 results

The measured 𝐴TU and 𝐹W show good agreement with the SM predictions within 
the uncertainty. 
No clear indication of new physics beyond the SM could be drawn from present 
results. 

𝑱/𝝍

𝝍(𝟐𝑺)

𝑱/𝝍

𝝍(𝟐𝑺)AFB FH

Phys. Rev. D 98, 112011(2018)
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𝒑𝒅𝒇(𝒎, 𝝑𝒍) = 𝑌_ ` 𝑆 𝑚 ` 𝑆 𝜃c ` 𝜀(𝜃c) + 𝑌U ` 𝐵 𝑚 ` 𝐵 𝜃c
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Global fits: try to be model-indep
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[1] J. High Energy Phys. 2018, 93.
[2] Eur. Phys. J. C 77, 377 (2017).

“For the first time, the NP 
hypothesis is preferred over the SM 
by 5 σ in a general case when NP 
can enter SM-like operators and 
their chirally-flipped partners” [1]

“we confirm the presence of a sizeable 
discrepancy between data and SM 
predictions…The data can be 
consistently described by new physics 
in the form of a four-fermion contact 
interaction…[2]

b→sll interpretation 

•  Several groups have interpreted results by performing global fits to 
b→sll data e.g. [arXiv:1704.05340, EPJC(2017)77:377] 

•  Consistent picture, tensions solved simultaneously by a modified 
vector coupling (∆C9 != 0) at >3σ 7 
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Figure 1. From left to right: allowed regions in the (CNP
9µ , CNP

10µ), (CNP
9µ , C9′µ) and (CNP

9µ , CNP
9e ) planes

for the corresponding two-dimensional hypotheses, using all available data (fit “All”). We also show
the 3 σ regions for the data subsets corresponding to specific experiments. Constraints from b → sγ
observables, B(B → Xsµµ) and B(Bs → µµ) are included in each case (see text).

In figure 1 we show the corresponding constraints for the fit “All” under the three

hypotheses (CNP
9µ , CNP

10µ), (CNP
9µ , C9′µ) and (CNP

9µ , CNP
9e ), as well as the 3 σ regions according

to the results from individual experiments (for each region, we add the constraints from

b → sγ observables, B(B → Xsµµ) and the world average for B(Bs → µµ) [29]). As

expected, the LHCb results drive most of the effect, with a clear exclusion of the origin,

i.e., the SM point.

We can now move to the fit “LFUV” in figure 2, where we consider the same hypothe-

ses favoured by global analyses. It is interesting to notice that this restricted subset of

observables excludes the SM point with a high significance, and it favours regions similar

to the fit “All” dominated by different b → sµµ-related observables (B → K∗µµ opti-

mised angular observables as well as low- and large-recoil branching ratios for B → Kµµ,

B → K∗µµ and Bs → φµµ). This is also shown in tables 2 and 3, where the scenarios

with the highest pulls are confirmed with significances between 3 and 4 σ, but get harder

to distinguish on the basis of their significance. Scenarios like CNP
9µ = −C9′µ that would fail

to explain RK are not disfavoured due to their good compatibility with RK∗ data. Inter-

estingly, the inclusion of the RK∗ measurement now disfavours solutions with right-handed

currents only, as proposed in refs. [5, 6]. Such a scenario was valid considering only RK

(excluding the other b → sµ+µ− data), but is now disfavoured by the measurement of

RK∗ . This was solved later on in [39], by modifying the model via a scalar leptoquark with

hypercharge Y = 7/6.

Finally, we have performed a six-dimensional fit allowing for NP contributions in

C7(′),9(′)µ,10(′)µ. The SM pull has shifted from 3.6σ in the fit of ref. [2] to 5.0 σ if one

considers the fit “All” described above. The 1 and 2 σ CL intervals are given in table 4,

with the pattern:

CNP
7 ! 0, CNP

9µ < 0, CNP
10µ > 0, C7′ ! 0, C9′µ > 0, C10′µ ! 0 (4.1)

where C9µ is compatible with the SM beyond 3 σ, C10µ, C7′ at 2 σ and all the other

coefficients at 1 σ.

– 8 –
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and Bs → µ+µ− in refs. [35–37]. For the B → K⋆ form factors at large recoil we use

the calculation in ref. [9], which has more conservative uncertainties than the ones in

ref. [38], obtained with a different method. For Bs → φ the corresponding calculation is

not available, and therefore we use ref. [38]. This leads to smaller hadronic uncertainties

quoted for Bs → φℓℓ and Rφ, but we stress that this is only due to the choice of input.

We follow the same statistical method as in ref. [2]. We perform a frequentist analysis

with all known theory and experimental correlations taken into account through the co-

variance matrix when building the χ2 function, which is minimised to find best-fit points,

pulls, p-values and confidence-level intervals. Depending on the dimensionality of the hy-

pothesis, the minimisation is performed either using a simple scan or the Markov-Chain

Monte Carlo Metropolis-Hastings algorithm.

4 Results

4.1 Fit results

In tables 2 and 3, we give the fit results for several one- or two-dimensional hypothesis for

NP contributions to the various operators, with two different datasets: either we include all

available data from muon and electron channels presented in the previous section (column

“All”, 175 measurements), or we include only LFUV observables, i.e., RK and RK∗ from

LHCb and Qi (i = 4, 5) from Belle (column “LFUV”, 17 measurements). In both cases,

we include also the b → sγ observables, as well as B(B → Xsµµ) and B(Bs → µµ). The

SM point yields a χ2 corresponding to a p-value of 11.3% for the fit “All” and 4.4% for the

fit “LFUV”.

We start by discussing NP hypotheses for the fit “All”. The measurement of RK∗

increases further the significance of already prominent hypotheses in previous studies,

namely, the first three hypotheses (CNP
9µ , CNP

9µ = −CNP
10µ and CNP

9µ = −C9′µ) already iden-

tified in refs. [1, 2]. The SM pull exceeds 5 σ in each case: the hypotheses can hardly be

distinguished on this criterion, and as discussed in ref. [20], the Qi observables will be very

powerful tools to lift this quasi-degeneracy.

Besides providing the results for one- and two-dimensional hypotheses with SM pulls

above 5σ, we discuss four illustrative examples of NP hypotheses with specific chiral struc-

tures, leading to correlated shifts in Wilson coefficients. These hypotheses are:

1. (CNP
9µ = −C9′µ, CNP

10µ = C10′µ),

2. (CNP
9µ = −C9′µ, CNP

10µ = −C10′µ),

3. (CNP
9µ = −CNP

10µ, C9′µ = C10′µ),

4. (CNP
9µ = −CNP

10µ, C9′µ = −C10′µ).

Hypothesis 1 has the highest SM pull, in agreement with our previous global analy-

sis [2]. Taking CNP
10µ = −C10′µ (i.e., Hypothesis 2) reduces the significance from 5.7σ to

5.0σ, similarly to Hypotheses 3 and 4 taking CNP
9µ = −CNP

10µ (irrespectively of the relative

sign taken to constrain C9′µ = ±C10′µ). From a model-independent point of view, Hypoth-

esis 1 is particularly interesting to yield a low value for RK∗ (especially if a contribution

– 6 –

r.f.Sebastien’s talk
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The bàd μ+ μ− measurements
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𝑩𝒔
𝟎 → #𝑲∗𝟎 𝝁'𝝁(

Lb → 𝒑 𝝅( 𝝁'𝝁(
𝑩' → 𝝅' 𝝁'𝝁(
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Evidence for 𝑩𝒔
𝟎 → f𝑲∗𝟎 𝝁&𝝁)
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BF= [2.9±1.0(stat)±0.2(syst)±0.3(norm)]×10-8

JHEP 07 (2018) 020

4.6fb-1
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Lb → 𝐩 𝝅) 𝝁&𝝁)
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𝑩& → 𝝅& 𝝁&𝝁)
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𝑩& → 𝝅& 𝝁&𝝁)
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Summary and outlook
n FCNC transitions b➝s(d)μ+μ− are good probes of

physics beyond standard model

n ATLAS, CMS & LHCb has performed extensive studies of
these processes. Results with partial Run-II data emerging
u Differential and total BFs
u Angular analysis or angular moments
u CP and other asymmetries

n More and updated analyses based on full Run-II data
and beyond
u To bring more and updated info ... Stay tuned!
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Thanks for Your Attention


