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Introduction 

•  FCNC transitions, such as b → s(d)l+l− decays, are 
excellent candidates for indirect NP searches 

•  But these conditions do not necessarily apply to physics 
beyond the SM! 
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•  Strongly suppressed in the SM as 
–  arise only at the loop level 
–  quark-mixing is hierarchical (off-diagonal 

CKM elements ≪ 1) 
–  GIM mechanism 
–  only the left-handed chirality participates 

in flavour-changing interactions 

Flavour Changing Neutral Currents
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Outline 

•  Theoretical framework 

•  Status of neutral current B decay measurements 

•  Latest LFU measurements 

•  Impact on global picture 

•  Future prospects  
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Choosing observables 

•  Observe hadronic decay, not the quark-level transition     
⇒ Need to compute hadronic matrix elements (form-
factors and decay constants) 

•  b → sµµ = ⇒ B+ → K+µ+µ−, B0 → K∗0µ+µ−, Bs → φµ+µ−...  

•  Hadronic uncertainties cancel in certain observables, 
making them more sensitive to New Physics 
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Exclusive decays

Unfortunately, we do not observe the quark-transition, but the hadron decay

) We need to compute hadronic matrix elements (form-factors and decay

constants)

b ! sµµ =) B+ ! K+µ+µ�, B0 ! K⇤0µ+µ�, Bs ! �µ+µ�...

! Non-pertubative QCD, i.e. these

are di�cult to compute.

(Lattice QCD, QCD factorisation, Light-
Cone sum rules... )

! Certain observables will profit from cancellation of these hadronic

nuisances, making them more sensitive to New Physics contributions.
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→ Non-perturbative QCD, i.e. 
difficult to compute 
 

(Lattice QCD, QCD factorisation, 
Light-cone sum rules... ) 



Theoretical framework 
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•  Interactions described in terms of an effective Hamiltonian 
that describes the full theory at lower energies (µ)  

 
•   → Contributions from New Physics will modify the 

measured values of WC’s or introduce new operators  

Theoretical framework - E↵ective theory
• Can describe these interactions in terms of an e↵ective Hamiltonian that

describes the full theory at lower energies (µ)

He↵ ⇠
X

i

Ci(µ)Oi(µ)

Ci(µ) ! Wilson coe�cient

(perturbative, short-distance physics, sensitive
to E > µ)

Oi ! Local operators

(non-perturbative, long-distance physics, sen-
sitive to E < µ)

! Contributions from New Physics will modify the measured value of the

Wilson coe�cients present in the SM or introduce new operators
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Oi → Local operators 
(non-perturbative, long-distance 
physics, sensitive to E < µ)  

Ci(µ) → Wilson coefficients 
(perturbative, short-distance 
physics, sensitive to E > µ)  
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Branching fraction measurements 

•  Branching fractions consistently below the SM prediction 
at low q2 = [m(l+l−)]2 for several b→sµµ processes 

•  SM predictions suffer from large uncertainties   
8 

Branching fraction measurements

• Branching fractions consistently below the SM prediction at low
q2 = [m(`+`�)]2 for many b ! sµµ processes

• SM predictions su↵er from large hadronic uncertainties
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Angular observables 

Angular observables - B0 ! K⇤0µ+µ�
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• Complementary constraints on NP & orthogonal experimental systematics
compared to BR’s

• Give access to observables with reduced dependence on hadronic e↵ects
[JHEP 1204 (2012) 104]
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[LHCb, JHEP 02 (2016) 104]
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•  Angular observables have reduced dependence on 
hadronic effects and also show some tension with SM 

 
•  BF and angular data consistent, best fit prefers shifted 

vector coupling C9 (or C9 and axial-vector C10) 
•    

•  … could QCD effects mimic vector-like NP ?  

 
 

Global fits to b ! sµ+µ� observables

• Best fit prefers shifted vector
coupling C9

(or C9 and axial-vector C10)

• Branching fractions and angular
observables consistent

[S. Descotes-Genon et al. JHEP06 (2016) 092]

[W. Altmannshofer et al. Phys. Rev. D96 (2017) 055008,

B. Capdevila et al. JHEP 01 (2018) 093, T. Hurth et al. Phys. Rev. D96 (2017) 095034,

G. DAmico et al. JHEP 09 (2017) 010, L.-S. Geng et al. Phys. Rev. D96 (2017) 093006,

M. Ciuchini et al. Eur. Phys. J. C77 (2017) 688,

S. Jäger and J. Martin Camalich, Phys. Rev. D93 (2016) 014028 and many others]
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Lepton flavour universality tests  

•  In the Standard Model, couplings of the gauge bosons to 
leptons are independent of lepton flavour 
 

•  Ratios of the form:  

•   free from QCD uncertainties that affect other observables  
–  hadronic effects cancel, error is O(10−4) [JHEP 07 (2007) 040] 
–  QED corrections can be O(10−2) [EPJC 76 (2016) 440]  

•  Any sign of lepton flavour non-universality would be a 
direct sign for New Physics  
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Lepton flavour universality tests

• In the Standard Model, couplings of the gauge bosons to leptons are

independent of lepton flavour

! branching fractions of e, µ and ⌧ di↵er only by phase space and

helicity-suppressed contributions

• Ratios of the form:

RK =
BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)

SM⇠= 1

! Free from QCD uncertainties that may a↵ect other observables
(hadronic e↵ects cancel in the ratio, error is O(10�4) [JHEP 07 (2007) 040])

! QED corrections can be O(10�2) [EPJC 76 (2016) 8,440]

• Any sign of lepton flavour non-universality would be a direct sign for New

Physics
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Status of LFU tests 

•  With the Run 1 LHC data, intriguing picture:  

 
•  Both RK and RK* results below the SM expectation, 

although significance low  

•  Tensions can be explained with anomalous b→sµµ 
measurements in a coherent NP picture 12 



Measuring RK 

•  LHCb collaboration recently updated RK measurement 

 

•  Measurement performed in 1.1< q2 <6.0 GeV2/c4 on :  
–  Reanalysed 2011 & 2012 data (3 fb−1), 
→ Improved reconstruction and re-optimised analysis strategy 

–  Added 2015 and 2016 datasets (2 fb−1)  
    → Larger bb cross-section due to higher √s  

•  In total, ∼twice as many B’s as previous analysis  
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LFU in B+ ! K+`+`�

RK =

R 6.0GeV2

1.1 GeV2
dB(B+!K+µ+µ�)

dq2 dq2

R 6.0GeV2

1.1GeV2
dB(B+!K+e+e�)

dq2 dq2

Measurement performed in 1.1 < q2 < 6.0GeV2/c4 on

• Reanalysed 2011 & 2012 data (3 fb
�1

),

! Improved reconstruction and re-optimised analysis strategy

• Added 2015 and 2016 datasets (⇠2 fb
�1

),

! Larger bb̄ cross-section due to higher
p
s

In total, this update uses ⇠twice as many B’s as previous analysis.
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The Experimental Challenge 

•  Electrons and muons behave very differently in LHCb 
due to larger Bremsstrahlung radiation for the electrons 
–  Worse mass and q2 resolution  
–  Lower reconstruction efficiency 

14 
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•  Electrons and muons behave very differently in LHCb 
due to larger Bremsstrahlung radiation for the electrons 
–  Worse mass and q2 resolution  
–  Lower reconstruction efficiency 

[LHCb-PAPER-2019-009] 



Strategy 

•  RK is measured as a double ratio to cancel out most 
systematics  (B+ → K+J/ψ(l+l−) LF-universal at 0.4% level)  

•  Yields determined from a fit to the invariant mass of the 
final state particles  

•  Efficiencies computed using simulation that is calibrated 
with control channels in data  
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Calibrating the efficiencies 

•  Resonant and nonresonant decays are separated in q2 
→ However, good overlap between these decays in the 
variables relevant to the detector response  

•  Calibration makes extensive use of B+→ K+J/ψ(l+l−) and 
B+→ K+ψ(2S)(l+l−) 
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Calibrating the efficiencies 

•  After calibration, very good data/simulation agreement in 
all key observables  
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•  To ensure that the efficiencies are under control, check 

•   known to be true within 0.4% 

•  Very stringent check, as it requires direct control of muons 
vs electrons 

•  Result: 

•   Checked that the value of rJ/ψ is compatible with unity for 
both Run 1 and Run 2 datasets, and in all trigger samples 

Cross-checks: Measurement of rJ/ψ  
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Cross-checks: differential rJ/ψ 
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•  Check that efficiencies are understood in all kinematic 
regions → rJ/ψ is flat for all variables examined 
 [LHCb-PAPER-2019-009] 



Cross-checks: rJ/ψ in 2d 

•  Repeat the exercise in 2D, to check for correlated effects  
–  Choose q2-dependent variables relevant for the detector response  
–  Select B+→ K+J/ψ(l+l−) events in bins of this 2D space and compute 

rJ/ψ in each of them  

•  Flatness gives confidence that understand efficiencies over 
entire phase space  
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RK simultaneous fit 
•  Perform simultaneous fit to m(K+µ+µ−) and m(K+e+e−) 

distributions with RK as a fit parameter  
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RK simultaneous fit 
•  Perform simultaneous fit to m(K+µ+µ−) and m(K+e+e−) 

distributions with RK as a fit parameter  
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Expectation from  
observed B+→K+e+e– yield & RK=1 

Partially reconstructed background, 
mainly B0→K*0e+e– 

Leakage from B→K+J/ψ(ee) 
constrained from the fit to 
the resonant mode 

Different signal shape between 
muons and electrons: 
 - worse mass resolution (recovered γ) 
 - longer radiative tail (more Bremsstrahlung) 
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Updated RK measurement 

•  Using 2011 and 2012 data: 

•   compatible with the SM 
expectation at 2.6σ  

24 

  
[LHCb, PRL 113 (2014) 151601] 
[BaBar, PRD 86 (2012) 032012] 
[Belle, PRL 103 (2009) 171801] 

Final results

Using 2011 and 2012 LHCb data:

RK = 0.745 +0.090
�0.074 (stat) ± 0.036 (syst),

compatible with the SM expectation at 2.6�.

Reanalysing 2011-2012 and adding 2015 and 2016 data, RK becomes

RK = 0.846 +0.060
�0.054 (stat) +0.014

�0.016 (syst)

which is compatible with the SM expectation at 2.5�.
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Updated RK measurement 
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•  Using 2011 and 2012 data: 

•   compatible with the SM 
expectation at 2.6σ  

•  Reanalysing the 2011-2012 data 
and adding 2015 and 2016,  

 
•   compatible with the SM 

expectation at 2.5σ  



•  Belle recently updated the measurement of RK* 

Belle RK* measurement  
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Impact on global fits First estimation of the impact on Global Fits

! Best fit point still in tension with the SM

! Worse compatibility between R(⇤)
K & b ! sµ+µ� observables

! Muonic NP: Best fit closer to the SM, C9 = �C10 still preferred

! Adding LFU NP: Slight preference for universal shift in C9

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 38/43

38/40

David M. Straub, Moriond EW 2019

[M. Algueró et al., arXiv:1903.09578, A. K. Alok et al., arXiv:1903.09617,

M. Ciuchini et al., arXiv:1903.09632, Guido D’Amico et al., arXiv:1704.05438]
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•  Best fit point still in tension with the SM 
Compatibility between RK

(∗), b→sµ+µ− observables worse 
•  Muonic NP: best fit closer to the SM, C9=−C10 still preferred  
•  Adding LFU NP: Slight preference for universal shift in C9  

[M. Alguero et al., arXiv:1903.09578, A. K. Alok et al., arXiv:1903.09617, M. 
Ciuchini et al., arXiv:1903.09632, Guido D’Amico et al., arXiv:1704.05438] 

[arX
iv:1903.10434]	



Outline 

•  Theoretical framework 

•  Status of neutral current B decay measurements 

•  Latest LFU measurements 

•  Impact on global picture 

•  Future prospects  

29 



Future experimental input 

 
 
 
 
 
 

•  CMS has collected a sample of 1010 B decays 
–  With an effective low pT electron reconstruction, should get a 

very competitive number of e.g. B+→K+e+e- signal candidates  
–  Expect systematics will be very different to those at LHCb e.g. no 

trigger effect and very different material distribution 
•   ATLAS pursuing similar strategy 

•  Belle2 data-taking starting in earnest 30 

•  LHCb data from 2017,18 will 
effectively double the existing 
dataset  
–  Improved and additional LFU 

analyses 
–  Updated angular observables 



Connection to leptonic decays 

•  Can explain anomalies with C9
NP= −C10

NP 

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

•  No evidence for any deviation from SM so far…  
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Olya Igonkina Moriond EW 2019

Results

9

ATLAS, 
arXiv:1812.03017

 SM :
Br(Bs→μμ) =(3.65±0.23)x10-9 
Br(B0→μμ) =(1.06±0.09)x10-10

Best fit of Run 2 data :
Br(Bs→μμ) =(3.2±0.9)x10-9 
Br(B0→μμ) =(-1.3±2.1)x10-10

Run 1 + Run 2 result @ 95% CL
Br(Bs→μμ) =(2.8±0.8)x10-9 
Br(B0→μμ) < 2.1x10-10

B0 limit is most stringent at the moment
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Further into the future 
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Outlook
• Most LHCb results presented

are from Run1 data

• Updates from Run2 “soon”
Effects are (surprisingly?) large O(20%) so should be straightforward to verify

• The experiment will be upgraded during the next LHC shutdown (LS2)
to 40 MHz readout, a fully software trigger and 5 × higher luminosity

• Further upgrade of LHCb proposed for the 
HL-LHC era, to handle 10× more luminosity

• Looking forward to competition from Belle II: 
Super B factory has complementary strengths 
for neutral modes, full event reconstruction, etc.

Roger Forty Rare Decays and Flavour Anomalies 41

•  Are presently installing upgraded LHCb detector which 
from 2021-2030 will allow ~25 fb-1 to be accumulated 

•  On same timescale, Belle2 will accumulate significant 
sample of data 

 
•  Further “phase-II” upgrade to LHCb approved to prepare 

TDRs by CERN research board – target 300 fb-1 using 
Linst=2x1034 cm-2s-1 



Analyses with upgrade datasets 
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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 dataCurrent 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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•  Parametric treatment of form-factors      
in angular observables  

•  Difference between angular observables 
e.g. P5’(µ) and P5’(e)  →  Q5 

•  Need to drive systematics in electron 
analyses down to ~1% level  
–  Present largest systematics will scale with lumi    

but will need to control subdominant sources  

•  CKM suppressed b→d transitions in 
similar numbers to existing b→s samples    

36.5% of the statistical error with 8.5% on average. Finally,
an error on the signal parametrization is considered by
repeating the fit with the signal shape parameters adjusted
by !1σ, leading to systematic uncertainties of order 10−4.
Signal cross feed is evaluated for all signal decay channels
and found to be insignificant. The parametrization in
Eq. (1) does not include a possible S-wave contribution
under the K"ð892Þ mass region. With the expected fraction
of 5% [2,20], we estimate the S-wave contribution for
each measurement to be less than one event and the
resulting effects to be negligible. Statistically equal num-
bers of B and B̄ candidates in the signal window are found;

consequently, CP-asymmetric contributions to the mea-
sured CP-even parameters are neglected. The total system-
atic uncertainty is calculated as the sum in quadrature of the
individual values.
The result of all fits is presented in Table I and

displayed in Fig. 2, where it is compared to SM
predictions from Ref. [9], which is based on the soft
form-factor method of Ref. [23]. Predictions for the
14.18 GeV2=c2 < q2 < 19.00 GeV2=c2 bin are calcu-
lated using lattice QCD with QCD form factors from
Ref. [24]. The predictions include the lepton mass,
leading to minor corrections between the SM values
for the electron and muon modes. For the electron mode,
fits in the region 10.09 GeV2=c2 < q2 < 12.90 GeV2=c2

are excluded because it overlaps with the ψð2SÞ veto
range, leading to insufficient statistics for stable fit
results. In total, all measurements are compatible with
SM predictions. The strongest tension of 2.6σ (including
systematic uncertainty) is observed in P0

5 of the muon
modes for the region 4 GeV2=c2 < q2 < 8 GeV2=c2; this
is in the same region where LHCb reported the so-called
P0
5 anomaly [2,20]. In the same region, the electron

modes deviate by 1.3σ and all channels combined by
2.5σ (including systematic uncertainty). All measure-
ments are compatible between lepton flavors. The Q4;5
observables are presented in Table II and Fig. 3, where
no significant deviation from zero is discerned.
In conclusion, the first lepton-flavor-dependent angular

analysis measuring the observables P0
4 and P0

5 in the
B → K"lþ l− decay is reported, and the observables
Q4;5 are shown for the first time. The results are compatible
with SM predictions, where the largest discrepancy is 2.6σ
in P0

5 for the muon channels.
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TABLE II. Results for the lepton-flavor-universality-violating
observables Q4 and Q5. The first uncertainty is statistical and the
second systematic.

q2 in GeV2=c2 Q4 Q5

[1.00, 6.00] 0.498!0.527!0.166 0.656!0.485!0.103
[0.10, 4.00] −0.723!0.676!0.163 −0.097!0.601!0.164
[4.00, 8.00] 0.448!0.392!0.076 0.498!0.410!0.095
[14.18, 19.00] 0.041!0.565!0.082 0.778!0.502!0.065

FIG. 3. Q4 and Q5 observables with SM and favored NP
“Scenario 1" from Ref. [9].
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Conclusions 

•  Intriguing anomalies seen in neutral current B decays 
–  Branching fractions  
–  Angular observables 

•   but debate about control of theory uncertainties  

•  Lepton universality tests can give theoretically clean 
input 
–  Latest measurements yet to provide a definitive picture 

•  Good prospects for resolution with new measurements   
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