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Introduction 

•  Interesting set of anomalies have appeared in 
measurements made at the LHCb experiment :  
–  Angular observables in B0→K*0µµ    
–  Branching fractions of several b→sll decays   
–  Lepton-flavour universality in b→sll decays   
–  Lepton-flavour universality in b→clν decays   

•  Extent of discrepancies depends on several theoretical 
issues – will try and highlight some of these  
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Rare decays – b→sll  
•  b→sll decays involve flavour changing 

neutral currents → loop process 

•  At LHCb, 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 

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

 

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

0-xing 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 full angular analysis 
•  Have performed first full angular analysis        [JHEP 02 (2016) 104] 

–  Extract the full set of CP-averaged angular terms and their correlations 
–  Determine a full set of CP-asymmetries 

 

•  Vast majority of observables in agreement with SM predictions, 
giving some confidence in theory control of relevant 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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B0→K*0µµ full 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 [PRL 118 (2017) 111801]) 

•  Form-factor dependent AFB hints at a trend, but is consistent with SM 
→ 3.4σ discrepancy with the vector coupling ∆C9 = −1.04±0.25 
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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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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.

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
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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, show some tension 
with predictions, particularly at low q2  
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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  



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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Model building requirements Possible Models Summary Model building overview

General considerations
Three logical possibilities:

! Z′

! SU(2)L singlet or
triplet

Talk by J. Fuentes-Martin

! Leptoquark
! Spin 0 or 1

Talk by I. Nisandzic, B. Gripaios

! New scalars/vectors,
also leptoquarks
possible

Talk by Y. Soreq

NB, tree exchanges can also involve (1PR) loops cf. Bélanger et al. 1507.06660,

Kamenik et al. 1704.06005

David Straub (Universe Cluster) .
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For a review see, e.g. D.Straub @ Instant 
workshop on B meson anomalies  

Discrepancies have got enough interest st 
model builders have started to step-in...  



b→sll interpretation 
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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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•  Community have started to look critically at the 
theory predictions – in particular, the O1,2 
operators have a component that could mimic a 
NP effect in C9 through cc loop 

•  Effect can be parameterised as function of three 
helicity amplitudes, h+-0  [EPJC (2017) 77: 377]  
–  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 

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

•  Recent 1st NLO calculation of contribution 
includes phases between long and short-
distance amplitudes for 1st time  
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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
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Lepton universality with loop decays 
•  Whatever hadronic uncertainties affect 

b→sll decays, they should cancel in the 
ratio of branching fractions 
 RK*0,K = B(B0,+→K*0,+µµ) / B(B0,+→K*0,+ee) 

  
•  LHCb measurement of RK  is 2.6σ below 

SM prediction [PRL 113 (2014) 151601] 
and consistent with ΔC9

ee=0, ΔC9
µµ=-1 

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

•   (depending on theory prediction used) – 
further increases discrepancy 

          [JHEP 08 (2017) 055]  
11 

[JHEP 08 (2017) 055]	



b→sll interpretation 
•  Adding the LFU measurements in, the size of the discrepancy → 5σ 

but community still reluctant to call this NP [arXiv:1704.05340]  
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Lepton universality with tree decays 

13 

•  An anomalous effect is also seen in the ratio of tree-level BF          
  RD*=B(B0→D*+τν)/B(B0→D*+µν) 

•  LQ models exist that are able to explain RK, RD* (and (g-2)µ)  [PRL 
116 (2016) 141802] 

•  LHCb analyses reconstruct the tau 
using τ→µνν decays [PRL115 (2015) 
111803] and τ→3πν  decays [arXiv:
1708.08856]  

•  Confirms effect seen in RD,RD* at 
BaBar/Belle, HFLAV combined 
significance now 4.1σ 



Ideas for the future 
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Near term prospects 
•  All of the measurements discussed will be updated with the first part 

of the Run II dataset (2015, 16 data)  

•  New related measurements also in preparation:   
–  Rφ : suppressed by fs/fd~0.25 and B(φ→K+K-)=½ but narrow mass 

window, absences of φπ resonances will reduce backgrounds  
–  K*0ee angular analysis will enable to form ratios of angular observables 

 
•  LHCb measurement of (RD,RD*) in preparation. Will also perform 

measurements with other b-hadrons e.g. Bs, Bc and Λb 

15 

–  B0→K*0µµ angular analysis: expect ~√2 improvement 
in precision 

–  RK : expect factor ~1.8 improvement in precision 

–  RK* : expect factor ~1.5 improvement in precision 

[EPJC (2017) 77:377]	



Longer term prospects 
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Controlling cc effects in B0→K*0µµ  
•  At low q2, ΔC9

+-0(q2) term arises 
mainly from interference penguin 
decay and J/ψ
–  Measure phase of interference by 

fitting differential rate (and angles) 

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

•  Based on a simple model, LHCb will 
be able to measure the magnitude 
and phase of resonant contributions  

17 



B0→µ+µ− analysis 

18 

•  If this were the case would expect to see 
effect in B(B0→µ+µ−) decays 

•  Latest LHCb measurement 
–  Bs

0→µ+µ− established at 7.8σ
–  B(Bd

0→µ+µ−)<3.4×10-10 @ 95% CL  
–  LHCb/CMS combination found Bd

0→µ+µ− 

evidence at 3.2σ

•  No evidence for any deviation from SM 
so far… but this measurement will be 
important for the future 
 

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

NP, 
global fits are still compatible with such a solution 
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LFU in suppressed decays 
•  Can try and compare b→s and b→d transitions e.g. to see if RK = Rπ   

•  Run I + Run II data set would give ~500 π+µ+µ- events                       
→ with RK=Rπ expect 50 π+e+e- events – might be able to see decay   

•  With a leptoquark could presumably get NP diagram with different 
b→d suppression and/or different lepton flavours 

•  Effort starting on (K,K*,φ)eµ searches; even some effort on µτ and ττ 
modes 

19 

Bs ¯Bs

b

bs

s

Z 0

K⇤B
b s

Z 0 µ+

µ�

d
Bs ¯Bs

b

bs

s

Z 0

K⇤B
b s

Z 0 µ+

µ�

d

Figure 1. Tree-level contributions to B ! K⇤µ+µ� (left diagram) and Bs– ¯Bs mixing (right
diagram) from Z 0-boson exchange.
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in agreement with the results presented in [21]. To obtain the result for �C�
7

we have only
kept the terms that are not CKM suppressed. The tree-level diagram giving rise to �C`

9,10

is shown on the left-hand side in Figure 1. Interestingly, our 3-3-1 model predicts �C`
9

< 0

and �C`
10

/�C`
9

= �(1 � 4s2W )/(1 + 8s2W ) ⌧ 1.
Employing ↵ = ↵(MZ) ' 1/128, s2W = s2W (MZ) ' 0.23 and MW ' 80.4 GeV, it hence

follows that the 68% confidence level (CL) range

�C`
9

2 [�1.9,�1.3] , (4.4)

found in [7] from a fit to the present b ! s�, µ+µ� data, can be achieved for Z 0-boson
masses

MZ0 2 [5.7, 6.9] TeV . (4.5)

Such large Z 0-boson masses lead to new-physics effects of

�C�
7

= O(10

�4

) , (4.6)

i.e. negligible corrections with respect to (C�
7

)

SM

' �0.19 [22]. Likewise, the Z 0-boson
contributions to the semi-leptonic axial-vector operator are very small, amounting to

�C`
10

2 [0.04, 0.05] . (4.7)

The smallness of the coefficient �C�
7

(�C`
10

) is of course a result of the one-loop suppression
of dipole interactions (the vector-like nature of the Z 0-boson couplings to charged leptons).
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in agreement with the results presented in [21]. To obtain the result for �C�
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we have only
kept the terms that are not CKM suppressed. The tree-level diagram giving rise to �C`
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LFU in suppressed decays 
•  Can try and compare b→s and b→d transitions e.g. to see if RK = Rπ   

•  Run I + Run II data set would give ~500 π+µ+µ- events                       
→ with RK=Rπ expect 50 π+e+e- events – might be able to see decay   

•  With a leptoquark could presumably get NP diagram with different 
b→d suppression and/or different lepton flavours 

•  Effort starting on (K,K*,φ)eµ searches; even some effort on µτ and ττ 
modes 
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Semileptonic decays 
•  Most stringent tests of LFU involve only 1st-2nd generation quarks/

leptons  

•  Can conceive NP models where LFU is violated more in processes 
involving 3rd generation quarks/leptons  
–  Constraints on Γ(b → cµν)/Γ(b → ceν) from B-factories are relatively 

weak … can compete at LHCb?  
–  Would expect breaking of LFU in charged currents to be universal on 

the quark side for b→c and b→u … can test this? 
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[G. Isodori @ CERN ‘instant’ workshop] 



Semileptonic decays 
•  RD, RD*  → NP scale <2TeV (or remove CKM suppression in NP) 
 
•  Given low mass-scale, direct searches will be able to search for any 

mediator of these anomalies e.g. ATLAS Z’ →ττ search recast to 
look for leptoquark  
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[PLB 764 (2017) 126] 



Conclusions 
•  Interesting set of anomalies observed in B decays at LHCb – given 

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

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

 
•  Wide range of measurements will be added to broaden the 

constraints on any new physics  

•  Full Run-II dataset will give a factor ~5 more statistics than Run-I on 
timescale that Belle-2 will start physics running  
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