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Introduction 
•  Have heard extensively about the interesting anomalies 

that 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   

•  Will try and say something about the future of these 
measurements 

•  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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Outline 

•  Short term prospects  

•  Further into the future – LHCb upgrade phase I (2021-2030) 

•  Far future – LHCb upgrade phase II (2031... )  
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Short term prospects 
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Angular measurements 

•  Updated angular measurements 
of B0→K*0µµ in progress and will 
remain statistically limited – can 
expect a ~√2 increase in 
precision cf Run I results 

•  Other µµ channels should follow, 
as should updated branching 
fraction measurements  

•  Work on B0→K*0ee also in 
progress but more challenging 

5 

]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.

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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B0→K*0µµ 	
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RX – experimental issues 
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RK update – 1.0<q2<6.0 GeV2  
•  Published RK analysis used 3fb-1 Run-I data and found  

~250 B+→K+e+e- candidates in 1.0<q2<6.0 GeV2  
 RK = 

7 

•  Correct for bremsstrahlung using 
calorimeter photons (ET>75MeV) 

•  Migration of events into/out of 
the 1 < q2 < 6 GeV2 region  
corrected using MC 

•  Double ratio with resonant decay 
B+ ! J/#(e+e-) K+ measured 

•  In 3fb-1 LHCb determines 
 
 
(consistent with SM at 2.6") 

 

Johannes Albrecht 

Test of lepton universality 
Lepton universality?

Correct for bremstrahlung using
calorimeter photons
(with ET > 75MeV).

Migration of events into/out-of the
1 < q2 < 6GeV2/c4 window is
corrected using MC.

Take double ratio with
B+� J/⇥K+ decays to cancel
possible systematic biases.

In 3 fb�1 LHCb determines
RK = 0.745+0.090

�0.074(stat)
+0.036
�0.036(syst)

which is consistent with SM at 2.6�.
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Once upon a time …
› LHCb tested Lepton Universality using B+→K+ll decays and observed a

tension with the SM at 2.6ss

› Consistent with observed BR(B+→K+µµ) if NP does not couple to electrons
› Observation of LFU violations would be a clear sign of NP

Simone Bifani 8

2.6ss form SM
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CERN Seminar

•  Work in progress to update with part of 
additional data already have in-hand  
–  Improvements to offline processing 
–  Run-II data (2015,16) gives 0.3+1.6 fb-1 but,  
–   with nearly twice cross-section, slightly better trigger :                                  

~250 → ~800 B+→K+e+e- candidates (1.0<q2<6.0 GeV2 ) 

•   → Can expect stat. error on RK to go down a factor ~1.8 

•  Systematics likely to differ but expect to be data-driven 

•  Also have (in-hand) further 1.7fb-1 from 2017  	



RK update – other q2 regions 
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•  Little signal with q2<1.0 GeV2 (no 
photon pole)  

•  Can add high q2 bin – difficulty 
same for RK and RK* 
–  Rare decays with higher K(*) 

resonances can leak into signal 
region from below  

–  ψ(2S)K* decays can leak into   
signal region on the upper side  

–  Signal sandwiched between 
these and hence difficult to fit 
reliably  

As shown in section 4.2.1, there is a broad resonance of the decay containing J/ and  (2S) in
the region 6 < q2 < 15GeV2. The project is focused on the study of the region q2 > 15GeV2.
This is a region that hasn’t been studied yet because despite of this cut on q2 it is still affected
by these backgrounds. It is the aim of this part of the project to study how this inconvenience
affects the identification of the signal. In figure 6 q2 as a function of the K+e+e� invariant
mass for the signal and the backgrounds for the cut q2 > 15GeV2 is shown. As one can observe,
for the backgrounds containing a J/ and a  (2S) only the right-sided tail survives. For the
decays containing an excited kaon K⇤, their right-sided tail affects the signal in a larger way,
whereas for KJ/ and K (2S) it is shifted on the right side of the B-meson mass.
The signal and the backgrounds samples are fitted. In figure 14 in appendix B the K+e+e�

invariant mass distributions for the signal and the backgrounds samples for the cut q2 > 15GeV2

are shown. The total fit is the red line and it is parameterised, when specified, by two other
functions, shown with blue and magenta lines. These functions, with respect to the shape
of the data we need to fit, were of the following type: Crystal Ball function, Breit-Wigner
distribution, Gaussian function or Chebyshev polynomials(for the combinatorial). Underneath
every graph its pull is shown. It represents the fit residuals normalised to the data uncertainty.
The number of expected events N exp

X

for the signal and each background is then computed with
equation 23. In table 2, N exp

X

for the different decays channel X is shown. The total PDF is
then parameterized with all the fits in figure 14 and weighted with the respective numbers of
events N exp

X

in table 2. In figure 7, the total PDF normalised is shown.
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Figure 7: The total PDF distribution of the K+e+e� invariant mass weighted with the re-
spective number of events N exp

X

and normalised. The total PDF is the grey line whereas the
different components are specified in the legend. The cut applied is q2 > 15GeV2.

The total PDF is the grey line, which represents the distribution of the K+e+e� invariant
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Rφ

•  Can make analogous measurements using Bs→φl+l- 
decays → Rφ 
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T. Blake, C. Langenbruch, D. Loh & M. Kreps

What q2 range?
• So far analysis has focussed on the 

1 < q2 < 6 range. We are looking at 
expanding the analysis to include 
q2 < 1 and 15 < q2 < 19. 

• We have two interesting 
advantages over RK* at large q2: 

➡ Partially reconstructed 
backgrounds are small  
(and better separated). 

➡ There is no need to veto over-
reconstructed J/ѱK± decays.

3

part reco.

K`+`� veto

m(K⇡e+e�)

ѱ(2S)

K⇤0e+e�

ѱ(2S)

m(K+K�e+e�)part reco.

�e+e�

combinatorial  
bkg.

at large q2 

at large q2 
•  Signal suppressed by fs/fd~0.25 

and B(φ→K+K-)=½ but has 
experimental advantages:   
–  Narrow mass helps reduce 

partially reconstructed bkgrds  
–  Absence of higher resonances 

that decay φπ suppresses 
backgrounds – largest involves 
missing K, rather than missing π in 
RK

(*) analyses  



RK* update  

•  3fb-1 Run-I analysis found  
–  ~90 B0→K*0e+e- candidates in 0.045<q2<1.1 GeV2 and 

~110 B0→K*0e+e- candidates in 1.1<q2<6.0 GeV2  

•  → Can expect existing errors to go down a factor ~1.5 
10 

Results − II

› The compatibility of the result in the low-q2 with respect to the SM
prediction(s) is of 2.2-2.4 standard deviations
› The compatibility of the result in the central-q2with respect to the SM
prediction(s) is of 2.4-2.5 standard deviations

Simone Bifani 33CERN Seminar
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•  Analysis will be updated with Run-II data 
–  Improvements to offline processing 

already included in most recent result  
–  Can expect to gain from further       

0.3+1.6(+1.7) fb-1 data (at twice cross-
section) 

–  Again, expect to be stat. limited  



Further RX analyses 

•  Updates should be sufficient to confirm any discrepancy 
with real significance, independent of (very important) 
combination with angular, muon mode BF data etc. 

•  Several additional final states are under study : pK, Kππ,  
higher K* resonances, KS and K*+ and will follow 
–  Run I statistics in muon modes:  pKµµ  ~600 

          Kππµµ  ~360 
          K**µµ  ~230 
          KSµµ  ~30 
          K*+µµ  ~40 
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Further into the future 
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Further into the future 

•  Final yr of Run-II data-taking 
is just starting in earnest: 
–  https://lbevent.cern.ch/

EventDisplay/index.html 

•  LHC will then have a two year 
shutdown during which LHCb 
will install upgraded detector – 
from 2021-2030 this will allow 
50fb-1 to be accumulated 

•  On same timescale, Belle2 
physics data-taking will start  

13 

Slide

SuperKEKB and Belle II
8

Target 50 ab-1 by 2025 (compared to ~1 ab-1 of Belle)

Exciting few years ahead. 

However, no current plans for future e+e- B factory experiments after Belle II.



Phase I Upgrade 

•  Full software trigger to allow effective operation at higher 
luminosities with higher efficiency for hadronic decays  

•  Luminosity to be raised (x5) to 2x1033 cm-2s-1  

14 
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LHCb upgrade I
11

Pixel 
VELO

UT

SciFi

All sub-detectors 

40 MHz readout

Upgrade scheduled in LS2, ready for data taking to start in Run-3.

1.Full software trigger to allow effective operation at higher 

luminosities with higher efficiency for hadronic decays.

2.Luminosity to be raised (x5) to 2x1033 cm-2s-1.



Future angular analysis 

•  Large dataset would enable us to parameterise and fit 
for form factors as part of fit to angular distribution, q2 

–  Could then simultaneously constrain BF(*) and angular 
observables to get Wilson coefficients  

–  (*) need Belle2 to improve knowledge of J/ψ normaln 
modes  

•  Will help address residual questions about cc :  

15 

Charming interlude

⌘ Anomalies in b ! sµ+µ� have
shed doubt on control of theory
uncertainties related to the
“charm-loop”

⌘ Can extract the charm contribution directly from data
Lyon et al [1406.0566], Bobeth et al [1707.07305], Blake et al [1709.03921]

Left: Current theory uncertainty, Right: Expected theory uncertainty using data

Current precision Using Bristol’s method

Figure 1: Precision of prediction of the B0 ! K⇤0µ+µ� angular observable P 0
5 as a function of the dimuon

mass squared (q2) currently (left), and using the method developed by Petridis’ group [8] (right).

of more complex models that will determine the symmetries and dynamics of the new physics
underpinning the observed anomalies. The use of GPUs will be of even greater need for this task.

The outcome of this research project could unambiguously reveal a new particle
that addresses many of the outstanding questions in fundamental physics. If no new
particle is found, the proposed measurements will become the next generation bench-
mark test of the SM. The comprehensive nature of the project will also o�er real
insight into e�ects of the strong force that would otherwise require a breakthrough in
theory calculations.

III. Spending of funds: GPU cluster

The main technical resource necessary to carry out our programme is computing power. The com-
puting needs for analyses of such large datasets are rather specific and need specialised computing
infrastructure, beyond LHCb and CERN’s remit.

On a traditional computer, one single fit can take hours or even days, depending on the com-
plexity of the model and the size of the dataset. In order to optimise and test new amplitude
models, we will need to generate and analyse thousands of simulated experiments. Each step in the
amplitude fit requires a 5D normalisation integral to be calculated numerically, as well as numerical
convolutions to account for detector resolution e�ects.

Developing new models e�ciently requires quick turn-around time. We therefore need to make
use of modern, highly parallelised computing architectures. Amplitude analyses lend themselves
very well to parallelisation using Graphic Processor Units. Initial studies lead by Rademacker
show that amplitude fits that take hours or even days on a traditional computer, can be performed
in a few seconds or minutes with a su�ciently powerful GPU cluster.

We therefore request funding to purchase a GPU cluster. A suitable, good value GPU is the
PNY NVIDIA Tesla K80 Accelerator for approximately £3,800 (see https://tinyurl.com/ybhufy49
). Two such units will be su�cient to cover our needs for the proposed project, making use of the
current as well as the future LHCb dataset to be collected by 2023. Approximately £2,400 will
be needed for a rack server, such as DELL’s R740, to house these units with su�cient RAM and
CPU power (see https://tinyurl.com/ydfb59s6). Therefore, the total cost of this request is
£10,000.
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Future angular analysis 

•  Can make difference between P5’(e) and P5’(µ)  →  Q5 

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

RK and RK* 
• Assuming an irreducible 

systematic uncertainty of 
1% for RK* in the range 
1<q2<6 GeV2/c4. 

• For comparison Belle 2 
expects to reach a 
precision of 4-5% with a 
systematic uncertainty of 
0.4% with a 50ab-1 
dataset [From talk by S. 
Sandilya at CKM 2016] 
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Electron analyses 

•  Need to drive systematics 
down to ~1% level to get 
benefit from upgrade dataset 

•  Large uncertainty from 
modelling backgrounds which 
can study with data and 
hence will scale with 
luminosity, ditto data-derived 
corrections to simulation  

•  However, sub-dominant 
uncertainties from e.g. 
modelling of bremsstrahlung  
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** Consider it as a sketch 
to show Belle II can 
provide confirmation of 
any persistent anomaly.



B0→µ+µ− branching fractions 

•  Can explain anomalies with C9
NP= −C10

NP 

•  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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Far future 

19 



Phase-II Upgrade 

Slide 17
 HL-LHC 

4D Pixel 
VELO

UT

Challenging environment, but common themes of fast-timing, granularity++, rad-hardness. 
Clear synergies with ATLAS and CMS, and unique challenges.

SciFi 
+ Si IT

Magnet side-
stations

TORCH 
TOF

New ECAL 
technology

Neutron 
shielding

Iron shield

Upgrade II 
Installed50 fb-1Ib 

consolidation 300+ fb-1LHCb  
Upgrade I
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•  Expression of interest for LHCb phase-II upgrade submitted 
to the LHCC in February 2017  

•  Target 300fb-1 in runs 5,6 – requires v. significant upgrade 



Upgrade projections (stat) 
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•  Improvements in observables will have potential to 
distinguish between different NP models 
 e.g. ΔC9= -ΔC10= -0.7    vs     ΔC9= -1.4        (SM) 

(3σ contours)	
300 fb-1 



Upgrade projections (stat) 
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Testing MFV with b→dll 

•  BF(B+→π+ll) / BF(B+→K+ll) and 
lattice input → |Vtd/Vts|2  

–  300fb-1 will give order of magnitude 
smaller experimental error but need 
improvement in lattice also   

•  B0 equivalent involves ρ0µµ, 
complicated by multiple ππ 
resonances 

•  B0
s equivalent involves K(*)0µµ 
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b ! dµ+µ� measurements
⌘ Run 2 and Upgrade will give access to precision measurements in

b ! dµ+µ� decays (including modes with ⇡0s)
⌘ Very relevant if tensions persist ! test MFV nature of new physics
⌘ Latest lattice results enable further precision tests of CKM paradigm

Buras,Blanke[1602.04020], FNAL/MILC[1602.03560]

⌘ Current measurement from penguin decays of |Vtd/Vts | = 0.201 ± 0.020
FNAL/MILC[PRD93,034005(2016]

⌘ Uncertainty dominated by statistical uncertainty of experiment
⌘ Run 2 ! experimental uncertainty halved

[JHEP10(2015)034] FNAL/MILC[1602.03560], FNAL/MILC[PRD93,034005(2016]
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Figure 4: The di�erential branching fraction of B+ ! ⇡+µ+µ� in bins of dilepton invariant mass
squared, q2, compared to SM predictions taken from Refs. [1] (APR13), [6] (HKR15) and from
lattice QCD calculations [7] (FNAL/MILC15).

and in the region 15.0 < q2 < 22.0 GeV2/c4 is

B(B+ ! �+µ+µ�)

B(B+ ! K+µ+µ�)
= 0.037 ± 0.008 (stat) ± 0.001 (syst) .

These results are the most precise measurements of these quantities to date.

5.2 CKM matrix elements

The ratio of CKM matrix elements |Vtd/Vts| can be calculated from the ratio of branching
fractions, B(B+ ! �+µ+µ�)/B(B+ ! K+µ+µ�), and is given in terms of measured
quantities

|Vtd/Vts|2 =
B(B+ ! �+µ+µ�)

B(B+ ! K+µ+µ�)
�

�
FKdq2

�
F�dq2

(3)

where F�(K) is the combination of form factor, Wilson coe�cients and phase space factor for
the B+ ! �(K) decay. The values of

�
F�,Kdq2 are calculated using the EOS package [29],

with B+ ! �+ form factors taken from Refs. [30,31] and B+ ! K+ form factors taken from
Ref. [32]. The EOS package is a framework for calculating observables, with uncertainties,
in semileptonic b-quark decays for both SM and new physics parameters. In order to
take into account the correlations between the theory inputs for the matrix element ratio
calculation, the EOS package is used to produce a PDF as a function of the B+ ! �+µ+µ�
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FIG. 16. (left) Recent determinations |Vtd| and |Vts|, and (right) their ratio. The filled circles
and vertical bands show our new results in Eqs. (9.16)–(9.18), while the open circles show the
previous values from Bq-mixing [102]. The squares show the determinations from semileptonic
B ! ⇡µ+µ� and B ! Kµ+µ� decays [182], while the plus symbols show the values inferred
from CKM unitarity [155]. The error bars on our results do not include the estimated charm-sea
uncertainties, which are too small to be visible.

because the hadronic uncertainties are suppressed in the ratio. The theoretical uncertainties
from the Bq-mixing matrix elements are still, however, the dominant sources of error in all
three results in Eqs. (9.16)–(9.18).

Figure 16 compares our results for |Vtd|, |Vts|, and their ratio in Eqs. (9.16)–(9.18) with
other determinations. Our results are consistent with the values from Bq-meson mixing in the
PDG review [102], which are obtained using approximately the same experimental inputs,

and lattice-QCD calculations of the f 2
Bq

B̂(1)
Bq

and � from Refs. [13] and [15], respectively.
Our errors on |Vtd|, |Vts| are about two times smaller, however, and on |Vtd/Vts| they are
more than three times smaller, due to the reduced theoretical errors on the hadronic matrix
elements.

The CKM matrix elements |Vtd| and |Vts| can be obtained independently from rare
semileptonic B-meson decays because the Standard-Model rates for B(B ! �(K)µ+µ�)
are proportional to the same combination |V ⇤

td(s)Vtb|. Until recently, these determinations
were not competitive with those from Bq-meson mixing due to both large experimental and
theoretical uncertainties. In the past year, however, the LHCb collaboration published new
measurements of B(B ! �µ+µ�) and B(B ! Kµ+µ�) [183, 184], and we calculated the
full set of B ! � and B ! K form factors in three-flavor lattice QCD [131, 185]. Using
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Testing MFV with b→dll 

–  Simultaneous fit of B0 mode will help 
separate Bs

0 and B0 angular 
observables but improved mass 
resolution would clearly help  

•  B0→ρ0µµ requires flavour tag., 
also multiple ππ resonances 
–  B+→ρ+µµ – would avoid flavour  

tagging but gives π0  
–  Λb →pπµµ – would similarly suffer 

from (many) pπ resonances 
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•  CKM suppressed Bs
0→K*0µµ will enable full angular 

analysis with comparable precision to Run-1 B0→K*0µµ   



Conclusions 
•  Interesting set of anomalies observed in B decays 

•  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  

•  Phase-I upgrade will give 50fb-1 dataset and a wide range 
of new measurements on same timescale as Belle2  

•  LHCb collaboration targeting a further 300fb-1 phase-II 
upgrade beyond this  
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