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The interest in flavour 
•  Standard Model has no tree-level Flavour Changing Neutral 

Currents (FCNC) 

•  FCNC only occur as loop processes, proceed via penguin or box 
diagrams – sensitive to contributions from new (virtual) particles   
 → Probe particle masses > ECM of the accelerator 

•  Exploration of flavour processes has played a central role in the 
development of the SM 
–  c-quark inferred from measured suppression of K0→µ+µ- cf  K+→µ+ν 

(GIM, 1970) ;   J/ψ discovered in 1974  
–  t-quark mass from B0 mixing (ARGUS, 1987);  discovered D0, CDF 

1995 
–  t, b-quarks inferred from CP violation in K sector (KM of CKM 1973) 

•  Will argue that flavour still has discovery potential in the LHC era 
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•  Theoretical foundation and LHCb data-taking 

•  Measurements of b→sll decays 

•  B0→µ+µ− branching fraction measurements 

•  A critical look at the theory predictions 

•  Theoretically pristine observables 

•  Future outlook 
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Theoretical Foundation 
•  The Operator Product Expansion is the theoretical tool that 

underpins rare decay measurements – rewrite SM Lagrangian as : 

–  “Wilson Coefficients” Ci 
•  Describe the short distance part, can compute perturbatively in given theory 
•  Integrate out the heavy degrees of freedom that can't resolve at some scale µ
•  Mixing between different operators : Ci → Ci

effective  

–  “Operators” Oi 
•  Describe the long distance, non-perturbative part involving particles below µ  
•  Account for effects of strong interactions and are difficult to calculate reliably 

 

•  The challenge : measure those observables where the uncertainties 
on the operators cancel out –  are then free from theoretical problems 
and measuring the Ci tells us about the heavy degrees of freedom 
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Sociological Comment 
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Why should we study rare decays?  
•  Because … 

–  We expect new physics but we don’t know how it will turn-up  
•  Model independent probes 
•  Loop processes can probe E>ECM 

–  Signatures of NP are likely to be complex, any complementary 
information we can get will be important 

–  As will see in next section, potential to make unambiguous theoretical 
predictions 

•  Existing rare decay measurements have to be accounted for by every theorist making 
any model e.g. b→sγ 

•  Potential to kill models e.g.  Bs
0→µµ ↔SUSY with large tan β [more later…] 

–  History has shown that a deviation can give us significant clues about 
the underlying theory – many examples of this 

–  …  
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Outline 
•  Why should we study rare decays?  

•  How do we get information from rare decays?  

•  Flavour physics measurements and the “flavour problem” 

•  The future 
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The Operator Product Expansion 
•  Make an effective theory which gives us model independent things 

to measure 
–  Rewrite (part of) SM Lagrangian as: 

–  �Wilson Coefficients��Ci 
•  Describe the short distance part, can compute perturbatively in given theory 
•  Integrate out the heavy degrees of freedom that can't resolve at some 

energy scale µ → Wilson coefficient just a (complex) number 
•  All degrees of freedom with mass>µ are taken into account by the Wilson 

Coefficients, while those with mass<µ go into the operators ... 

–  �Operators��Oi 
•  Describe the long distance, non-perturbative part involving particles below 

the scale µ  
•  Form a complete basis – can put in all operators from NP/SM 
•  Account for effects of strong interactions and are difficult to calculate reliably 
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The Operator Product Expansion 
•  Most familiar example of this Fermi’s theory of beta decays  

–  Z and W are very massive – the weak interactions take place at very 
short distance scales O(1/MW

2) 
–  Construct effective theory where integrated out → four-particle coupling 

–  For q2 << mW
2 can replace W propagator: 

–  Effectively absorbs the contribution from the W into the factor GF, in the 
limit when W is too heavy to be resolved  
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The Operator Product Expansion 
•  Key point:   

–  In certain rare decays can measure observables (BRs, angular 
distributions, oscillation frequencies, phases … ), typically involving ratio 
of quantities, where the uncertainties on the operators cancel out – then 
we are free from theoretical problems and measuring the Wilson 
Coefficients tells us about the heavy degrees of freedom – independent 
of model  

•  Why bother with all this?  
–  If some NP particle contributes to the loop it can change the Wilson 

coefficient. If we can measure the Wilson coefficient we have a very 
powerful way of identifying deviation from SM 

–  Again, because loop process, NP particle can be virtual – not limited by 
ECM of accelerator 
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LHCb data-taking 

 
•  Results in this talk from Run-I data – recorded 3.0 fb-1 at instantaneous 

luminosities up to twice the design value 
•  Start of Run-II has been spectacular, have 1.5 fb-1 on-tape, but collision 

energy means nearly twice the cross-section for bb production 
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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 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 
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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 

9 

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 [arxiv:1604.04042]) 

•  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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b→sll Branching Fractions 

BFs too low in b⇥ sµ+µ� decays?
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BFs too low in b⇥ sµ+µ� decays?
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 [JHEP 06 (2014) 133] 

•  Several b→sll branching fractions measured, show some tension 
with predictions, particular 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		



b→sll interpretation 
•  Several groups have interpreted LHCb results by performing global 

fits to b→sll data e.g. [arXiv:1503.06199,1510.04239,1512.07157,1603.00865] 

•  Consistent picture, tensions solved simultaneously by a modified 
vector coupling (∆C9 != 0) at 3-4σ 12 

T. Blake

Global fits
• Several attempts to interpret our results by performing global fits to 

b→s data (e.g. [arXiv:1503.06199], [arXiv:1510.04239], [arXiv:1512.07157]). 

!

!

!

!

!

!

!

• Consistent picture, data favours modified vector coupling (C9NP # 0) 
at 3-4!. 
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b→sll interpretation 
•  Observe significant tension in b→sll processes, a consistent theory 

interpretation is possible, but is it correct? 
 
•  Community have started to critically look at the theory predictions 

–  Problem with B→K* form factors?  
–  Charm loop contribution?  
 [With thanks to D.Straub @ LHCb implications workshop] 

•  Before addressing these – effect could be substantiated in another 
way…  

13 



B0→µ+µ− analysis 
•  Single-particle explanations of all anomalies predict C9

NP = −C10
NP  

•  Data are clearly still compatible with such a solution 

14 

T. Blake

Global fits
• Several attempts to interpret our results by performing global fits to 

b→s data (e.g. [arXiv:1503.06199], [arXiv:1510.04239], [arXiv:1512.07157]). 

!

!

!

!

!

!

!

• Consistent picture, data favours modified vector coupling (C9NP # 0) 
at 3-4!. 
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•  If this were the case would expect 
to see effect in B0→µ+µ− decays 
–  Helicity and GIM suppressed 
–  Dominant contribution from Z-

penguin diagram 
–  Precise predictions for BFs :  

 B(Bs
0→µµ)=(3.66±0.23)×10-9     

 B(Bd
0→µµ)=(1.06±0.09)×10-10 

–  BF can be altered by modification 
of C10 or new scalar or 
pseudoscalar contribution (CS,P) 
[high tan β SUSY] 

 

 



B0→µ+µ− analysis 
•  LHCb and CMS measurements 

combined [Nature 522 (2015) 68] 
–  Bs

0→µ+µ− established at 6.2σ
–  Bd

0→µ+µ− evidence at 3.2σ

•  ATLAS have also made a search 

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

15 
•  LHCb update in progress, CMS should also be v. competitive here  

[arXiv: 
1604.04263] 
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•  Theoretical foundation and LHCb data-taking 

•  Measurements of b→sll decays 

•  B0→µ+µ− branching fraction measurements 

•  A critical look at the theory predictions 

•  Theoretically pristine observables 

•  Future outlook 



Problem with B→K* form factors? 
•  Form factor calculations made using both LCSR and LQCD 

techniques [arXiv: 1503.05534, 1501.00367]  
–  These show good agreement 

•  Some analysts prefer to use form factors evaluated in heavy quark 
limit (so-called “soft” form factors) rather than full [arXiv:1510.04239] 
–  Again, these show good agreement  
–  Vigorous debate about how to quantify (power) corrections without using 

info from LCSR or LQCD [arXiv:1407.8526, 1412.3183]  

•  Branching fractions less theoretically clean than angular observables – 
LHCb’s updated B0→K*0µµ angular analysis will be important! 

17 



Charm loop contribution? 

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)
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q2 dependence of ΔCλ
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[arXiv:1503.06199] 

Boxes are 
the 1σ errors 

•  The O1,2 operator has a component that could 
mimic a new physics effect in C9 through cc loop 

 
•  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       (  != ΔC9

NP(q2)  ) 
•   Look for q2 and helicity dependence of apparent shift in C9 
  



Charm loop contribution? 
•  The O1,2 operator has a component that could 

mimic a new physics effect in C9 through cc loop 
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! 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
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[arXiv:1510.04239] 

Introduction Anomalies LFU violation Outlook Flavour: Outlook

q2 dependence of ΔCλ
9
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Boxes are 
the 1σ errors 

•  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       (  != ΔC9

NP(q2)  ) 
•   Look for q2 and helicity dependence of apparent shift in C9 
  



Charm loop contribution? 
•  Bayesian fit assuming polynomial form for h+-0   [arXiv:1512.07157] 

 
•  Assumes small ΔC9

x for small q2 – true in SM, but not for NP  
20 

Introduction Anomalies LFU violation Outlook Flavour: Outlook

q2 dependence of ΔCλ
9

Ciuchini et al. 1512.07157

! Bayesian fit assuming a polynomial form for hλ
! roughly: g̃1 ∝ ΔC−

9 , g̃3 ∝ ΔC0
9
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q2 dependence of ΔCλ
9

Ciuchini et al. 1512.07157

! Bayesian fit assuming a polynomial form for hλ
! roughly: g̃1 ∝ ΔC−

9 , g̃3 ∝ ΔC0
9

! assuming small ΔCλ
9 for small q2 (expected for SM, but not NP!)
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Charm loop contribution? 
•  q2 dependence is compatible with both 

SM and NP 
•   → need to analyse the Run-II data and 

improve the precision!  

•  No way for charm loop effects to give a 
contribution to C10 – evidence of a V-A 
effect in b→sll, or anomaly in B0→µ+µ−, 
would be a game-changer 

•  At low q2, ΔC9
+-0(q2) term arises mainly 

from interference penguin decay and J/ψ
–  Measure phase of interference by fitting 

differential rate – results for B+→K+µ+µ− 

imminent 

21 

Impact on C e↵

9

⌘ Dependence of observables on vector couplings enters through
C

e↵
9 = C9 + Y (q2)

! Y (q2) summarises contributions from bsq̄q operators

P. Owen

Effects of    
• At low q2, main contribution is from the J/ψ. 

• Using simple B-W model, get large contributions all the way down 
to q2=0. 

• At high q2 get large (positive) contribution from heavy      resonances.

5

of the resonances that are subsequently anal-
ysed, resolution e�ects are neglected. While
the �(2S) state is narrow, the large branching
fraction means that its non-Gaussian tail is
significant and hard to model. The �(2S) con-
tamination is reduced to a negligible level by
requiring mµ+µ� > 3770 MeV/c2. This dimuon
mass range is defined as the low recoil region
used in this analysis.

In order to estimate the amount of back-
ground present in the mµ+µ� spectrum, an un-
binned extended maximum likelihood fit is per-
formed to the K+µ+µ� mass distribution with-
out the B+ mass constraint. The signal shape
is taken from a mass fit to the B+ ! �(2S)K+

mode in data with the shape parameterised
as the sum of two Crystal Ball functions [17],
with common tail parameters, but di�erent
widths. The Gaussian width of the two compo-
nents is increased by 5 % for the fit to the low
recoil region as determined from simulation.
The low recoil region contains 1830 candidates
in the signal mass window, with a signal to
background ratio of 7.8.

The dimuon mass distribution in the low
recoil region is shown in Fig. 1. Two peaks
are visible, one at the low edge corresponding
to the expected decay �(3770) ! µ+µ� and
a wide peak at a higher mass. In all fits, a
vector resonance component corresponding to
this decay is included. Several fits are made to
the distribution. The first introduces a vector
resonance with unknown parameters. Subse-
quent fits look at the compatibility of the data
with the hypothesis that the peaking structure
is due to known resonances.

The non-resonant part of the mass fits con-
tains a vector and axial vector component. Of
these, only the vector component will inter-
fere with the resonance. The probability den-
sity function (PDF) of the signal component
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Figure 1: Dimuon mass distribution of data with
fit results overlaid for the fit that includes con-
tributions from the non-resonant vector and ax-
ial vector components, and the  (3770),  (4040),
and  (4160) resonances. Interference terms are
included and the relative strong phases are left
free in the fit.

is given as

Psig / P (mµ+µ�) |A|2 f 2(m2
µ+µ�) , (1)

|A|2 = |AV
nr +

�

k

ei�kAk
r |2 + |AAV

nr |2 , (2)

where AV
nr and AAV

nr are the vector and axial
vector amplitudes of the non-resonant decay.
The shape of the non-resonant signal in mµ+µ�

is driven by phase space, P (mµ+µ�), and the
form factor, f(m2

µ+µ�). The parametrisation of
Ref. [18] is used to describe the dimuon mass
dependence of the form factor. This form fac-
tor parametrisation is consistent with recent
lattice calculations [19]. In the SM at low re-
coil, the ratio of the vector and axial vector
contributions to the non-resonant component is
expected to have negligible dependence on the
dimuon mass. The vector component accounts
for (45± 6) % of the di�erential branching frac-
tion in the SM (see, for example, Ref. [20]).
This estimate of the vector component is as-
sumed in the fit.

The total vector amplitude is formed by sum-

3
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phase = 0

/2πphase = 

πphase = 

Phys. Rev. Lett. 111, 112003 (2013)

cc̄

cc̄

Phase = phase at pole + π/2
(Same convention as this ref)

⌘ At low q

2 main culprit is the J/ 

! Corrections to C

e↵
9 (�C9) all

the way down to q

2 = 0
! Effect strongly dependent on

relative phase with penguin

⌘ More data will help resolve
apparent q2 dependence of C9

K.A. Petridis (UoB) Radiative, EWP, LFU tests Implications 2016 7 / 21

Measuring phase differences

⌘ Measure relative phase between narrow resonances and penguin amplitudes
! Model resonances as relativistic BWs multiplied by relative scale and
phase Lyon et al. [1406.0566], Hiller et al. [1606.00775]

! Use this model to replace Y (q2) in C

e↵
9 = Y (q2) + C9

! B ! K form factors constrainted to LCSR+Lattice predictions
! Fit for phases and C9 (and maybe C10)

⌘ Fit dimuon spectrum in
B

+ ! K

+µ+µ�

! Expect precision of phase
⇠ 0.1 rad (ambiguities over sign of
phase)[Owen Barcelona workshop 2016]

⌘ Work also ongoing for phases
relative to each helicity amplitude
of B

0 ! K

⇤0µ+µ�

! Requires fit to q

2 and angular
distribution to dissentangle
amplitude components

K.A. Petridis (UoB) Experimental prospects in rare decays HF Quo Vadis 2016 7 / 24

Fit dimuon spectrum

10

Uncertainty on phase is about 0.1rad with four minima. 
Ambiguities whether J/ψ or ψ(2S) phase is negative/positive.

Wide due to 
resolution
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•  Theoretical foundation and LHCb data-taking 

•  Measurements of b→sll decays 

•  B0→µ+µ− branching fraction measurements 

•  A critical look at the theory predictions 

•  Theoretically pristine observables 

•  Future outlook 



•  The ratio of b→sµµ and b→see branching fractions, RK, is a 
theoretically pristine quantity 

23 

BaBar  PRD86 (2012) 032012  
Belle  PRL 103 (2009) 171801 

 RK = B(B+→K+µµ) / B(B+→K+ee) 

•  Precisely predicted in SM, 
 RK = 1.00030 +0.00010 -0.00007 

•  LHCb measurement in 1.0<q2<6.0 GeV2  

 RK = 
 

     → 2.6σ from SM prediction 

•  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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LHCb-PAPER-2014-024 [Preliminary],

Belle [PRL 103 (2009) 171801] ,

BaBar [PRD 86 (2012) 032012]

T. Blake Rare FCNC decays 34 / 43

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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T. Blake Rare FCNC decays 34 / 43
8. July 2014 

3fb-1 
arXiv:1406.6482 

24/33 

•  Several theorists have pointed out this is consistent with ΔC9
ee=0, 

ΔC9
µµ=-1 (latter consistent with B0→K*0µµ)	– work on-going to add 

range of other measurements e.g. RK*, Rφ,.. angular analysis K*0ee 

Lepton universality with loop decays 

[Phys. Rev. Lett. 113 (2014) 151601] 



Lepton universality with tree decays 

•  At LHCb reconstruct the tauonic 
decay through τ→µνν, final state 
has three neutrinos! 

•  Confirms effect seen in RD,RD* at 
BaBar/Belle, including latest Belle 
hadronic result from ICHEP 
combined significance now 4σ

24 

•  An anomalous effect is seen in the ratio of tree-level branching 
fractions 

          RD*=B(B0→D*+τν)/B(B0→D*+µν) 
 
 
 
 
 
 
 
 
 
•  LHCb measurement of (RD,RD*) in preparation. Also working on 

hadronic τ decay. Will also perform measurements with other b-
hadrons e.g. Bs, Bc and Λb 
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•  Theoretical foundation and LHCb data-taking 

•  Measurements of b→sll decays 

•  B0→µ+µ− branching fraction measurements 

•  A critical look at the theory predictions 

•  Theoretically pristine observables 

•  Future outlook 



Future Outlook 
•  LHCb will upgrade detector in LS2 (2019-20) then take ~50 fb-1 

during Run 3 (2021-23) and Run 4 (2027-29)   

•  Expect approximately linear increase in rare muon decays such as 
B0→K*0µµ  

•  Have talked about b→s decays, will then be able to make 
comparable tests for (CKM suppressed) b→d decays 
–  E.g. B+→π+µ+µ− differential BF → test of MFV hypothesis 

26 
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Figure 4. The differential branching fraction of B+→ π+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).

The ratio of branching fractions of B(B+→ π+µ+µ−) to B(B+→ K+µ+µ−) in the region

1.0 < q2 < 6.0GeV2/c4 is

B(B+→ π+µ+µ−)

B(B+→ K+µ+µ−)
= 0.038± 0.009 (stat)± 0.001 (syst) ,

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

B(B+→ π+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 branch-

ing fractions, B(B+ → π+µ+µ−)/B(B+ → K+µ+µ−), and is given in terms of measured

quantities

|Vtd/Vts|2 =
B(B+→ π+µ+µ−)

B(B+→ K+µ+µ−)
×

∫
FKdq2∫
Fπdq2

(5.2)

where Fπ(K) is the combination of form factor, Wilson coefficients and phase space factor for

the B+ → π(K) decay. The values of
∫
Fπ,Kdq2 are calculated using the EOS package [32],

with B+ → π+ form factors taken from refs. [33, 34] and B+ → K+ form factors taken from

ref. [35]. 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

– 9 –

[JHEP 10 (2015) 034]	

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�

9

|Vtd |  × 10
3

|Vts |  × 10
3

7 8 9 35 39 43

∆Mq:

this work

PDG

B→K(π)µ
+
µ

−

CKM unitarity:

full

tree

   

   |Vtd  / Vts |  

0.18 0.19 0.20 0.21 0.22 0.23      

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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Conclusions 
•  A number of discrepancies seen wrt Standard Model predictions –  

–  b→sll decays angular observables and branching fractions 
–  Lepton universality tests in both loop and tree decays  

•   will be interesting to add Run-II data to try and clarify the picture 

•  Beyond this working on LHCb upgrade to secure the next 
generation of measurements 
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Backup 
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∆md with B0→D(∗)µνX 
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•  In the SM, the B0 oscillation frequency ∆md ~VtbVtd  

•  Measure using B0→D(∗)−µ+νX decays with 6.7×106  
D−→K+π-π- and 8.3×105 D∗−→D0(K+π-)π- 

•  Tagging power 2.32–2.55% depending on mode 

�md with B0⌅ D(⇥)µ⇥X

[LHCb, Eur. Phys. J. C76 (2016) 412, arXiv:1604.03475]
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[Eur. Phys. J. C76 (2016) 412] •  LHCb measurement : 
      ∆md =  (505.0±2.1±1.0) ns−1 

•  World average [HFAG] 
 ∆md =  (509.8±3.5) ns−1

  w/o this result 
   (506.4±1.9) ns−1 w/ this result 

•   i.e. improvement of factor 1.8 in the 
uncertainty  



b→sll interpretation 

Angular analysis of the B0⇤ K ⇥0µ+µ� decay

[LHCb, JHEP 02 (2016) 104, arXiv:1512.04442]

[JHEP12(2014)125]
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What is P�
5?

It is an asymmetry built with cos �K
and |⇥|, shown in the sketch. (inte-
grating over one of the two gets zero).

The discrepancy with the SM predic-
tion is visible in both angular distribu-
tions.

Patrick Koppenburg Recent highlights on heavy quarks 24/08/2016 — QCD@LHC, Zürich [46 / 70]
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B0→K*0µµ Ci and form factors 
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•  Amplitudes that describe the Bd
0→K*0µµ decay involve  

–  The (effective) Wilson Coefficients :  C7
eff (photon), C9

eff (vector), 
C10

eff (axial-vector) and their right-handed (’) counterparts 
–  Seven (!) form factors – these are the origin of the primary 

theoretical uncertainties  

•  BFs have relatively large theoretical uncertainties from form factors 
•  Angular observables much smaller theory uncertainties 

A closer look
A closer look
B0⇤ K ⇥0µ+µ� decay amplitudes

At “leading order”
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Ci are Wilson coe⇥cients that we want to measure (they depend on
the heavy degrees of freedom).

A0, A1, A2, T1, T2 and V are form-factors
(these are e�ectively nuisance parameters).
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B0→K*0µµ – theoretical view 
•  Need a new vector contribution → adjusts C9 Wilson Coefficient 
•  Very difficult to generate in SUSY models [arXiv:1308.1501] : 

“[C9 remains] SM-like throughout the viable MSSM parameter space, 
even if we allow for completely generic flavour mixing in the squark 
section” 
 
 
 
 
 

 

 
•  Models with composite Higgs/extra dimensions have same problem 

•  Could generate observed deviation with a Z’ 
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