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Introduction 

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

•  Extent of discrepancies depends on several theoretical 
issues – will try and highlight where experiment can 
provide some future input into these issues 
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b→sll decays   
•  b→sll decays involve flavour 

changing neutral currents → loop 
process 

•  Best studied decay B0→K*0µµ

•  Large number of observables: BF, 
ACP and angular observables – 
dynamics can be described by 
three angles (θl, θK, φ) and di-µ 
invariant mass squared, q2 
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B0→K*0µµ

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

 

•  Interpreted in effective field theory describing couplings (C) 
of photon (O7), vector (O9) and axial-vector (O10) operators 

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 performed first full angular analysis [JHEP 02 (2016) 104] 

–  Extracted the full set of CP-avg’d angular terms and correlations 
–  Determined full set of CP-asymmetries 

 

•  Vast majority of observables in agreement with SM predns, 
giving some confidence in theory control of form-factors 
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Angular analysis of the B0⇤ K ⇥0µ+µ� decay

[LHCb, JHEP 02 (2016) 104, arXiv:1512.04442]
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Angular analysis of the B0⇤ K ⇥0µ+µ� decay

[LHCb, JHEP 02 (2016) 104, arXiv:1512.04442]
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B0→K*0µµ angular analysis 

•  CMS and ATLAS confirm these findings 
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Figure 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/y and y0 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/y and y0 resonances.

[ATLAS-CONF-2017-023]		[Phys. Lett. B 753 (2016) 424]		



B0→K*0µµ angular analysis   
•  In SCET/QCD factorisation can reduce to just two form-

factors- can then construct ratios of observables which 
are independent of form-factors at LO [JHEP 1204 (2012) 104]  

•  Form-factor “independent” P5’ has a local discrepancy in 
two bins – (subsequently confirmed by Belle) 
 → 3.4σ discrepancy with the vector coupling ∆C9 = −1.04±0.25 7 

[PRL 118 (2017) 111801]	
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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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
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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.

q

2 bin (GeV2

/c

4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q

2

< 0.98 1.016+0.067

�0.073

± 0.029± 0.069

1.1 < q

2

< 2.5 0.326+0.032

�0.031

± 0.010± 0.022

2.5 < q

2

< 4.0 0.334+0.031

�0.033

± 0.009± 0.023

4.0 < q

2

< 6.0 0.354+0.027

�0.026

± 0.009± 0.024

6.0 < q

2

< 8.0 0.429+0.028

�0.027

± 0.010± 0.029

11.0 < q

2

< 12.5 0.487+0.031

�0.032

± 0.012± 0.033

15.0 < q

2

< 17.0 0.534+0.027

�0.037

± 0.020± 0.036

17.0 < q

2

< 19.0 0.355+0.027

�0.022

± 0.017± 0.024

1.1 < q

2

< 6.0 0.342+0.017

�0.017

± 0.009± 0.023

15.0 < q

2

< 19.0 0.436+0.018

�0.019

± 0.007± 0.030

12

b→sll branching fractions 
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BFs too low in b⇥ sµ+µ� decays?
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[JHEP 11 (2016) 047,   
JHEP 04 (2017) 142] 
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•  Several b→sll branching fractions measured at LHCb 
show some tension with predictions, particularly at low q2  

B0→K*0µµ 	 B0
s→φµµ 	 Λ0

b→Λ0µµ 	
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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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→ 3.3σ	discrepancy  

→ 2.6σ	discrepancy  



Global fits 
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•  Several theory 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 but 
discussion of residual 
hadronic uncertainties (…) 



Lepton universality measurements 

•  Whatever hadronic uncertainties 
affect b→sll decays, they should 
cancel in the ratio of BF 

•  RK  is 2.6σ below SM prediction 
          [PRL 113 (2014) 151601] 

•  Recent RK* measurement  
–  low q2 : 2.1-2.3σ below SM predn 
–  ctl q2 : 2.4-2.5σ below SM predn  

•   Further increases discrepancy 
          [JHEP 08 (2017) 055]  

11 

[JHEP 08 (2017) 055]	

RK*0,K = BF(B0,+→K*0,+µµ) / BF(B0,+→K*0,+ee) 

  
low	q2	 ctl	q2	



b→sll interpretation 

•  Adding the LFU measurements in, the size of the 
discrepancy → >4σ [see e.g. arXiv:1704.05340]  

                      … but community still reluctant to call this NP 
12 



cc loops 

Introduction Anomalies LFU violation Outlook Flavour: Outlook

Charm loops in B → K∗μ+μ−

! Culprit: matrix element of O1,2

⟨K̄∗|T{jμem(x)C1,2O1,2(0)}|B̄⟩

! Since O9 ∝ ℓ̄γμℓ, hλ could mimic a
new phyiscs effect in C9

! can be parametrised as
complex-valued (CP-even)
functions of q2: h+,−,0(q2) for the
3 helicity amplitudes

How can we disentangle hλ from C9?

O2 = (s̄LγμcL)(c̄Lγ
μbL)

David Straub (Universe Cluster) .
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•  Theorists have started to look critically 
at their predictions – O1,2 operators 
have a component that could mimic a 
NP effect in C9 through cc loop 
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FIG. 2. Prior and posterior predictions for P 0
5 within the SM

and the NP C9 benchmark, compared to LHCb data.

dictions for all observables of interest within the range
0  q

2 . 14 GeV2. One of them is the angular observable
P

0
5 [34], which is the visible face of the “B ! K

⇤
µ

+
µ

�

anomaly” [35]. Our SM prediction for P

0
5 is represented

by the gray band in Fig. 2. We find relatively small
uncertainties and a clearly apparent tension with LHCb
data (represented by purple boxes in Fig. 2).

Another interesting SM prediction that we obtain from
our analysis is:

BR(B0 ! K

⇤0
�) = (4.2+1.7

�1.3) · 10�5
,

(11)

in agreement with the world average [36]. The larger
uncertainties as compared to Ref. [37] are due to our
doubling of the form factor uncertainties. SM predictions
for all other observables will be given elsewhere.

VI. NEW PHYSICS ANALYSIS

We now perform a fit to B ! K

⇤
µ

+
µ

� data using
as prior information the SM predictions derived in Sec-
tion V. We include the branching ratio and the angu-
lar observables S

i

[38] within the q

2 bins in the region
1  q

2 . 14 GeV2. We use the latest LHCb measure-
ments [39, 40], and perform di↵erent separate fits, using
the results from the maximum-likelihood fit excluding
(LLH) and including (LLH2) the inter-resonance bin, or
using the results from the method of moments [41] (MOM
and MOM2), and both including (NP fit) and not includ-
ing (SM fit) a floating NP contribution to C9.

The fits provide posterior distributions for the correla-
tor, for B ! K

⇤
µ

+
µ

� and B ! K

⇤
� observables, and

for C9. We first discuss some illustrative results of the
LLH2 fit. The posteriors for the real part of H?(q2) are
shown in Fig. 1, both for the SM and the NP fits. In this
case it is reassuring that both are consistent within errors

1.5 2.0 2.5 3.0 3.5 4.0 4.5
C9

6.1 �

4.9 �

4.0 �

3.4 �

C9

FIG. 3. Posterior distributions for C9 from the NP fits and
their respective pulls. Dark and light shaded regions corre-
spond to 68% and 99% probability.

with the result of the prior fit, indicating that modifying
the long-distance contribution does not lead to improve-
ment in the SM fit, and so the long-distance contribution
is not likely to mimic a NP contribution.

The posterior NP prediction for P

0
5 (corresponding to

the LLH2 fit) is shown in Fig. 2, exhibiting a much better
agreement with the experimental measurements than the
SM (prior) prediction.

The main conclusion of the fits is the following. The
SM fits are relatively ine�cient in comparison with the
NP fits, with posterior odds [42] ranging from ⇠ 2.7 to
⇠ 10 (on the log scale) in favor of the NP hypothesis.
The one-dimensional marginalized posteriors yield:

(LLH) : C9 = 2.51 ± 0.29 , (12)

(LLH2) : C9 = 3.01 ± 0.25 , (13)

(MOM) : C9 = 2.81 ± 0.37 , (14)

(MOM2) : C9 = 3.20 ± 0.31 . (15)

The corresponding pulls with respect to the SM point
C

SM
9 (µ = 4.2 GeV) = 4.27 range from 3.4 to 6.1 standard

deviations, and are illustrated in Fig. 3. These results,
from a fit to B ! K

⇤
µ

+
µ

� data only, are in qualitative
agreement with global fits [42–48], but rely on a more
fundamented theory treatment.

VII. CONCLUSIONS

Analyticity provides strong constraints on the hadronic
contribution to B ! K

⇤
`` observables, and fixes the q

2

dependence up to a polynomial, which under some cir-
cumstances is an expansion in a small kinematical pa-
rameter. In this letter we have exploited this idea to
propose a systematic approach to determine the non-local
contributions, which at this time are the main source of

•  Recent paper fits 
parameterisation to theory 
and auxiliary data to try and 
determine cc effect  

    [arXiv:1707.07305] 	
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cc loops and near term prospects 

•  Effect can be parameterised as function of three helicity 
amplitudes, h+-0  
–  Absorb effect of these amplitudes into a 

helicity dependent shift in C9,                                             
    C9

SM + ΔC9
+-0(q2)   cf.   C9

SM + ΔC9
NP     

–   → Look for q2 and helicity dependence    
   of shift in C9   

 

•  In near term, will add more Run 2  
data e.g. at LHCb :  

14 

[EPJC (2017) 77: 377]  

–  B0→K*0µµ	angular analysis ~√2 improvement 
–  Ditto RK and RK* updates  
–  New decays → Rφ, RΛ 

–  Measure R ratios for CKM suppressed decays 

“The absence of a q2 and helicity 
dependence is intriguing, but cannot 
exclude a hadronic effect as the 
origin of the apparent discrepancies”   



A glimpse of the future 

•  At low q2, ΔC9
+-0(q2) term 

arises mainly from interference 
rare decay and J/ψ

•  Measure phase of interference 
by fitting differential rate (and 
angles) 

•  LHCb has performed such a fit 
for B+→K+µ+µ− [EJPC (2017) 
77:161], considerably more 
complex for B0→K*0µµ but 
principle the same 

15 



A glimpse of the future 

•  Can make ratio of P5’(e) and P5’(µ)  →  Q5 

•  Thus far, only done by Belle – full angular analysis of 
B0→K*0ee in progress at LHCb  

16 

[PRL 118 (2017) 111801]	



B0→µ+µ− branching fractions 

•  Single-particle explanations of anomalies predict C9
NP= −C10

NP 
Global fits are still compatible with such a solution 

•  Would then expect to see an effect in B(B0→µ+µ−) decays 

•  No evidence for any deviation from SM so far…  
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Conclusions 
•  Interesting set of anomalies observed in B decays – 

given experimental precision and theoretical 
uncertainties, none of them are yet compelling 

•  Near-term updates should clarify the situation and can 
help constrain some of the theoretical issues 

 

•  Wide range of new measurements will be added to 
broaden the constraints on the underlying physics  

•  At LHCb, full Run-2 dataset will give factor ~4 more data 
than Run-I on timescale that Belle-2 will start running. 
ATLAS/CMS will also be able to contribute in a number 
of cases 

18 
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Cross-checks 

•  Control of the absolute scale of the efficiencies is tested 
by measuring  

•  Expect unity in SM 

•  Does not benefit from the large cancellation of 
experimental systematics 

•  Measure  1.043±0.006 (stat) ±0.045 (syst) 

•  Result is independent of the decay kinematics 
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Figure 7: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

the low- and central-q2 regions, respectively.
The e�ciency ratios between the nonresonant and the resonant modes, "`+`�/"J/ (`+`�)

,
which directly enter in the RK⇤0 measurement, are reported in table 3. Besides a depen-
dence on the kinematics, the di↵erence between the ratios in the two q2 regions is almost
entirely due to the di↵erent requirement on the neural-network classifier. The relative
fraction of the electron trigger categories is checked using simulation to depend on q2 as
expected: the fraction of L0E decreases when decreasing in q2, while L0H increases; on
the other hand, the fraction of L0I only mildly depends on q2.

9 Cross-checks

A large number of cross-checks were performed before unblinding the result. The control
of the absolute scale of the e�ciencies is tested by measuring the ratio of the branching
fractions of the muon and electron resonant channels

rJ/ =
B(B0! K⇤0J/ (! µ+µ�))

B(B0! K⇤0J/ (! e+e�))
,

which is expected to be equal to unity. This quantity represents an extremely stringent
test, as it does not benefit from the large cancellation of the experimental systematic
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