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The interest in Rare Decays 
•  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 
which can then be at same level as SM contributions   
 → Probe masses > ECM of the accelerator 

•  e.g. Bd
0→K*0γ decay 
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A historical example – Bd
0→K*0γ 

•  In SM : occurs through a dominating W-t loop  
•  Possible NP diagrams : 
•  Observed by CLEO in 1993, two years before 

the direct observation of the top quark 
–  BF was expected to be (2-4)×10-4  
 → measured BF = (4.5±1.7)×10-4    
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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 

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

→ Form a complete basis – can put in all operators from NP/SM 

•  Mixing between different operators : Ci → Ci 
effective  

•  In certain observables 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 – independent of model  
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LHCb data-taking 

 
•  In total have recorded 3fb-1 at instantaneous luminosities of up to     

4×1032 cm−2s−1 (twice the design value!) 
•  While Run-II data-taking will add substantial luminosity (so far 0.3fb-1), 

will not be the step-change from higher √s anticipated at the central 
detectors – need 2019 upgrade for that step-change 
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Outline 

•  A tour of existing LHCb rare decay measurements  
–  B0→µµ branching fraction measurements	


–  Bd

0→K*0µµ angular measurements 	


–  Other b→sµµ branching fraction measurements 
–  Global fits to b→sll data  
–  Mention a couple of other anomalous results 

•  (Very) latest Bd
0→K*0µµ angular results 

–  Compatibility with SM 
–  Updated global fits 

•  Some remarks about the future 
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B0→µ+µ− – Physics Interest 
•  Both helicity suppressed and GIM suppressed 

–  In the SM,  
•  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 
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–  In NP models, 
•  New scalar (OS) or pseudoscalar (OP) 

interactions can modify BF  
 e.g. in MSSM, extended Higgs sector 
gives BF that scales with tan6 β/MA04   
  

→ Extremely sensitive probe of NP!  

[PRL 112 (2014) 101801] 



B0→µ+µ− analysis 

•  Measure  
–  B(Bs

0→µ+µ−) = ( 2.8+0.7
-0.6 ) ×10-9 

–  B(Bd
0→µ+µ−) = ( 3.9+1.6

-1.4 ) ×10-9 

•   in good agreement with SM predictions  

•   → No evidence of NP contributions to    
CS and CP 
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LHCb’s B0→µ+µ− analysis has now been combined with that from CMS :   
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Bd
0→K*0µµ – Physics Interest 

•  Flavour changing neutral current → 
loop process (→ sensitive to NP) 

 

•  Decay described by three angles    
(θl, φ, θK) and di-µ invariant mass q2 

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

•  Zero-crossing point: ±6% uncertainty 

0-xing point 

NP models 

q2 



Bd
0→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 coefficients 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 effectively nuisance parameters).

T. Blake B0→ K∗0µ+µ− 16 / 30

� Ceff
i : Wilson coefficients (including

4-quark operator contributions)
� Ai, Ti and Vi: 7 B → K∗ form

factors

K.A. Petridis (UoB) B0 → K∗0µ+µ−
Tuesday meeting 3 / 13

[JHEP 0901(2009)019] Altmannshofer et al.
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1st generation measurements  
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•  With 2011 data found 900±34 signal 
events (BaBar + Belle + CDF ∼ 600) 

•  B/S≈0.25 
 

•  World’s most precise measurements 
of angular observables 

 

•  The world’s 1st measurement of zero-
crossing point at 4.9+1.1

-1.3 GeV2/c4 

•   → “a textbook confirmation of the SM” 

•  Seems theorists have good control of 
form factor uncertainties 

 

[JHEP 1308 (2013) 131] 
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•  At low and high q2, there are relations between the various form 
factors (at leading order) that allow a number of form-factor 
independent observables to be constructed  

•  E.g. in the region 1<q2<6 GeV2, relations reduce the seven form-
factors to just two – allows to form quantities like 

•   which are form-factor independent at leading order 

•  In fact can form a complete basis (P(’) series) in which there are six 
form-factor independent and two form-factor dependent observables 
(FL and AFB)  

•  Updated analysis measuring P(’) series of observables gave a 
surprise…  
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Form-factor independent obs. 

Constructing observables with smaller form-factor
dependence

� At low (q2 < 8 GeV2) and high q2 > 15 GeV2 relations between vector and

tensor form-factors at Leading Order, allow to:

→ Construct observables (e.g P �
5) with reduced form-factor dependence at

LO and estimate theory errors

→ Also motivated due to lack of publicly available correlations between form

factor uncertainties (until recently [BSZ15])

� For example: for 1 < q2 < 6 GeV2 form-factor relations result in AL,R
⊥ and

AL,R
� to depend on the same single form-factor (ξ⊥), and AL,R

⊥ to depend on

a single other one (ξ�)

P �
5 ∼ Re(AL

0A
L∗
⊥ −AR

0A
R∗
⊥ )�

(|AL
0|2+|AR

0 |2)(|AL
⊥|2+|AR

⊥|2+|AL
�|2+|AR

�|2)

→ P �
5 is form-factor independent at LO

→ Angular distribution can be described by 6 form-factor independent and 2

form-factor dependent observables (the Pi basis)

K.A. Petridis (UoB) B0 → K∗0µ+µ− Tuesday meeting 4 / 13



Bd
0→K*0µ+µ- – P(’) series  

•  Good agreement with predictions for P4′, P6′, P8′ observables 
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•  0.5% probability to see such a 
deviation with 24 independent 
measurements 

•  Finding a consistent NP 
explanation looks highly non-trivial: 
prev. Bd

0→K*0µµ observables plus 
B0→µµ, B→Kµµ, B→Xsγ depend on 
same short-distance physics 

See 3.7σ local tension 

[Phys. Rev. Lett. 111 (2013) 191801] 



Bd
0→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’ 
16 



Bd
0→K*0µµ – theoretical view 

•  Theoretical analyses conclude deviation observed does not create 
any tension with other flavour observables 

 
•  e.g. [arXiv:1307.5683] consistent with 

negative NP contribution to C9 : ΔC9 ~ -1  

•  Preferred value of C9 can be translated 
into NP scale in a model independent 
way but the answer depends on what 
else is considered in the fit e.g. 
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MZ′ ∈[5.7,6.9] TeV        [arXiv:1310.1082] 

[arXiv:1308.1501]  

3. Implications for models of new physics

The preferred values of the individual Wilson coefficients that address the observed tensions
in B → K∗µ+µ− can be translated into NP scales in a model independent way by defining NP

effects to the effective Hamiltonian as ∆Heff = −Oi/Λ2
i . In the case of the operators O(�)

9 and

O(�)
7 we find

Λ9(�) � (35 TeV)

�
1.0

|C(�)
9 |

�1/2

, Λ7(�) � (90 TeV)

�
0.1

|C(�)
7 |

�1/2

, (9)

where we explicitly factored out interesting values for the NP contributions to the Wilson
coefficients.

Typically, one expects dipole operators to arise only at the loop level. In various concrete
models of NP, like the MSSM, also the semileptonic operators are induced only at 1-loop. We
therefore repeat the above exercise, including an explicit loop factor 1/(4π)2 in the effective
Hamiltonian, leading to

Λloop
9(�)

� (2.8 TeV)

�
1.0

|C(�)
9 |

�1/2

, Λloop
7(�)

� (7.5 TeV)

�
0.1

|C(�)
7 |

�1/2

. (10)

We learn that even in the case of loop suppression, the observed discrepancies can be explained
by very heavy NP, at the border or outside the direct reach of the LHC. Note however, that
such NP is required to have maximal, i.e. O(1), mixing between the bottom and strange flavour
as well as O(1) couplings to SM leptons. In models with Minimal Flavour Violation, where the
b → s transition is suppressed by the same CKM factors as in the SM, the scales are another
factor of 5 smaller.

We now discuss to which extent these generic expectations are modified in concrete models
of NP. Our focus is on well-motivated extensions of the SM, like the Minimal Supersymmetric
Standard Model (MSSM) or models with partial compositeness. However, as we will describe
in detail in sections 3.2 and 3.3, sizable NP contributions to C9 or C �

9 are not expected in
these models. We thus start our discussion with the introduction of a heavy, neutral, flavour-
changing gauge boson that could generate such effects.

3.1. Flavour-changing neutral gauge boson

An obvious way to generate NP contributions to C
(�)
9 , as preferred by the fit to the B →

K∗µ+µ− data, is through tree-level exchange of a heavy neutral gauge boson, i.e. a Z �, with
a flavour-changing b → s couplings. Tree-level flavour changing couplings of a Z � can arise for
example in U(1)� models with family non-universal charges [43], in the “little flavor” model [44],
and also in the “effective Z �” setup [45], where the Z � couples to SM particles only through
higher dimensional operators. The latter framework allows to treat couplings of the Z � to SM
fermions essentially as free parameters. For recent works on the effects of flavour-changing Z �’s
in B physics see [46–48] and references therein.

We parameterize the relevant couplings of the Z � to bottom and strange quarks as well as
muons in the following way

L ⊃ g2

2cW

�
s̄γ

µ(gLbsPL + g
R
bsPR)b+ µ̄γ

µ(gVµ + γ5g
A
µ )µ

�
Z

�
µ , (11)
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Bd
0→K*0µµ – theoretical view 

•  While some theorists are very excited, some are less keen…  

!"#$%&'()%*&%+,-.  *
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Adding the branching fractions... 
•  If we did have such a vector 

contribution we’d expect low 
branching fractions for other b→sµµ 
decays with different spectator quark 

  
  [JHEP 06 (2014) 133] 
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B0
s→ φµ+µ-  

•  Measurements of B0
s→φµ+µ- show a similar trend in the 

low q2 region 
–  Narrow φ resonance gives clean signal 
–  This measurement alone is 3.3σ from SM prediction in 

1.0<q2<6.0 GeV2 
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Λb → Λ0µ+µ-  
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•  Have  ~300 Λb → Λ0µ+µ- 
candidates at LHCb 

•  Establish evidence for signal 
0.1<q2<2.0 GeV2/c4 for 1st 

time, no significant signal in 
1.1<q2<6.0 GeV2/c4 

[JHEP 06 (2015) 115] 



Global fit to angular and BF data 
•  Fit the angular and branching fraction data :  

     → BF data also favours same NP solution : ΔC9 ~ -1 ;   
         Can’t tell if a two Ci solution preferred (e.g. V-A, impact B0→µ+µ−)  
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Figure 5: Allowed regions in the Re(CNP
9 )-Re(C �

9) plane (left) and the Re(CNP
9 )-Re(CNP

10 ) plane

(right). The blue contours correspond to the 1 and 2σ best fit regions from the global

fit. The green and red contours correspond to the 1 and 2σ regions if only branching

ratio data or only data on B → K∗µ+µ−
angular observables is taken into account.

variances of the Wilson coefficients read

�CNP
=




CNP
7

CNP
9

CNP
10



 =




−0.017± 0.030
−1.02± 0.27
0.16± 0.24



 (24)

and the correlation matrix reads




1 −0.28 0.06

−0.28 1 0.06
0.06 0.06 1



 . (25)

The expression (23) can be used to easily impose the combined fit constraints in phenomeno-

logical analyses of models satisfying CMFV. For scenarios with non-standard CP violation or

right-handed currents, it can be understood from figs. 11 and 12 that at present the constraints

are not stringent enough to allow a quadratic expansion of the χ2
and we cannot provide a

comparably simple expression in general.

3.6. Testing lepton flavour universality

So far, in our numerical analysis we have only considered the muonic b → sµ+µ−
modes

and the lepton flavour independent radiative b → sγ modes to probe the Wilson coefficients

C(�)
7 , C(�)µ

9 and C(�)µ
10 , where the superscript µ indicates that in the semileptonic operators (3)

and (4) only muons are considered. In this section we will extend our analysis and include

also semileptonic operators that contain electrons. In particular, we will allow new physics in

the Wilson coefficients Ce
9 and Ce

10 and confront them with the available data on B → Ke+e−

from LHCb [6] and B → Xse+e− from BaBar [63].
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The plot thickens: RK 
•  The ratio of b→sµµ and b→see branching fractions, RK, is a 

theoretically pristine quantity 
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BaBar  PRD86 (2012) 032012  
Belle  PRL 103 (2009) 171801 

 RK = B(B+→K+µ+µ-) / B(B+→K+e+e-) 

•  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?
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calorimeter photons
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Migration of events into/out-of the

1 < q2 < 6GeV2/c4 window is

corrected using MC.

Take double ratio with

B+→ J/ψK+
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 2.6σ.
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•  Large number of theory models on the market pointing out this is 
consistent with ΔC9

ee=0, ΔC9
µµ=-1 (latter consistent with Bd

0→K*0µµ) 



A short aside : RD* 

•  Note we also see an anomalous effect in the 
ratio of tree-level branching fractions          
RD*=B(Bd

0→D*+τν)/B(Bd
0→D*+µν) 

•  Reconstruct the tauonic decay through 
τ→µνν, final state has three neutrinos! 

•  Confirms effect seen in RD,RD* at BaBar/
Belle, combined significance 3.9σ	
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[Phys.Rev.Lett. 115(2015)112001] 



Outline 
•  A tour of existing LHCb rare decay measurements  

–  B0→µµ branching fraction measurements	


–  Bd

0→K*0µµ angular measurements 	


–  Other b→sµµ branching fraction measurements 
–  Global fits to b→sll data  
–  Mention a couple of other anomalous results 

•  (Very) latest Bd
0→K*0µµ angular results 

–  compatibility with SM 
–  Updated global fits 

•  Some remarks about the future 
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Full Run-I Bd
0→K*0µµ update 

•  Our full run-I Bd
0→K*0µµ update recently published [JHEP 

02 (2016) 104], dataset 3× larger than previous analysis 

•  For first time made full angular fit involving all angular 
terms  → complete set observables (and correlations) 

•  Finer q2 binning → more shape information(*), cross-
check with a second (less precise) method  

•  First measurement of CP asymmetries, measurements of 
zero-crossing points by determining amplitudes as fn q2 

 

•  Will try and give a feeling for how the measurement is 
made…  

 
   (*) As well as low branching fractions, ΔC9 ~ -1 would give a shift in AFB 26 



Differential decay rate 
•  Decay described by di-µ invariant mass q2 and three 

decay angles  

•  Differential decay rate given 

•      terms – eleven q2 dependent angular observables         
Can be expressed as bi-linear combinations of six 
complex decay amplitudes  

•          terms – combinations of spherical harmonics 

27 



Angular observables 

•  Can define CP-averaged and CP-asymmetric observables  

•  Additional suffix s/c sometimes added to indicate sin2
 θK or 

cos2
 θK dependence;  S1c = FL ;  ¾S6s = AFB  

•  For large q2, µ’s effectively massless – relations between 
different Sj terms, 11 → 8 CP-averaged observables 

•  Further observables, optimised to reduce FF uncertainties, 
can be built from FL, S3-S9    e.g.  P5’=S5/√FL(1-FL) 
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CP-averaged angular distn 
•  CP-averaged angular distribution then given  

 
•  For the 1st time, account for the effect of the Kπ system 

being in an S-wave configuration rather than K*0 P-wave 

→ two new amplitudes and six additional angular terms                 
→ (explicitly included as nuisance parameters) 
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(!) 

(!!) 

Determine Ai by flipping 
the sign in front of the 
corresponding angular 
terms for B0 decays while 
leaving unchanged for B0 
decays 



B0→K*0µ+µ- signal selection 
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•  Selection uses range of PID, kinematic and isolation 
quantities in a Boosted Decision Tree 

•  After selection, signal clearly visible as vertical band 
Clean enough to allow finer q2 binning than for 1 fb-1  

•  Veto B0→K*0J/ψ and   
B0→K*0ψ(2S) decays, as    
well as a number of peaking 
backgrounds :  
–  evidence for φ(1020) at low q2  
→ exclude 0.98,<q2<1.1 GeV2 

–  Consider e.g. Λb →pK−µ+µ- ;     
Bs →φµ+µ-; B0,+→K*0,+µ+µ- … 
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•  Signal Kπµµ mass model  
–  sum of two Gaussians with power law tail on low mass-side 
–  defined using B0→K*0J/ψ control channel (correct for q2 

dependence using simulation) 
–  Combinatorial background modelled with falling exponential  

 
•  Find 2398±57 signal events in 0.1<q2<19.0 GeV2/c4  

(624±30 events in 1.1<q2<6.0 GeV2/c4) 

B0→K*0µ+µ- signal selection 

Λb →pK−µ+µ- ; Bs →φµ+µ-; 
B0,± →K*0,±µ+µ-  etc.  
reduced to <2% of signal 
[treated as syst] 

•  Kπ mass model :  
–  Rel. Breit Wigner for P-wave  
–  LASS for S-wave 
–  Linear model for bkgrd  



Correcting for the efficiency 

•  Detector and selection distort the 
angular and q2 distribution 
–  Momentum/IP requirements  

•  Compute 4D efficiency function, ε, 
using simulated events 

	

ε(cos θl, cos θK, φ, q2)  

•  Function of all underlying 
variables → can determine with a 
phase-space simulation 
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[0.1, 1.0] GeV2/c4 
 

[18.0, 19.0] GeV2/c4 

[0.1, 1.0] GeV2/c4 
 

[18.0, 19.0] GeV2/c4 



•  Acceptance is not assumed to 
factorise in the decay angles 

•  Parameterised, 

–  Pi(x) are Legendre polynomials of    
order i (x rescaled -1→1) 

–  For cos θl, cos θK, φ, q2 use up-to 
and including 4th,5th,6th, 5th order 
polynomials 

•  Coeff cklmn determined using a 
principal moments analysis 
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Correcting for the efficiency 

[0.1, 1.0] GeV2/c4 
 

[18.0, 19.0] GeV2/c4 

[0.1, 1.0] GeV2/c4 
 

[18.0, 19.0] GeV2/c4 



B0→K*0J/ψ angular fit 
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•  Reproduce angular observables measured elsewhere 
     [PRD 88 (2013) 052002] 



Likelihood fit 

•  In each q2 bin, unbinned maximum likelihood fit to mKπµµ 
and three decay angles, plus a simultaneous fit to mKπ 

•  Angular distribution 
–  Signal – large expression showed before 
–  Bkgrd – second order polynomials in cos θl, cos θK, φ 

•  Application of acceptance, ε  
–  Narrow q2 bins, multiply angular pdf by acceptance at bin centre [syst.]  
–  Wide 1.1<q2<6.0 GeV2 and 15.0<q2<19.0 GeV2 bins – ε varies 

significantly across bin, weight candidates by ε-1, correct for coverage  

•  Feldman-Cousins used to determine parameter uncertainties 
–  Nuisance parameters (e.g. other angular parameters, signal fraction, 

background parameters…) treated with plug-in method  
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Systematics 

•  Evaluated using high statistics pseudoexpts where vary 
approach and look at difference in angular observables 

•  Signal – main effects from angular acceptance : 
–  Statistical uncert. from simulation              [re-evaluate using cov.] 
–  Residual data-simulation differences        [reweight for diffs,re-eval.] 
–  Uncert. associated with parameterisation [increase order polyn.] 
–  Uncertainty from evaluating acceptance at fixed q2 point  
                  [alter point used]   

•  Background  
–  Angular model                [increase order polyn.] 

•  Bias from higher K* states negligible 
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Systematics 

•  Include angular distribution of residual peaking bkgrds  

•  Mass modelling 
–  mKπµµ – drop power law tails 
–  mKπ  – radius used in Breit Wigner for P-wave;  LASS → isobar 

•  [For amplitude fit] S-wave amplitudes constant with q2 → 
assume same q2 dependence as long. P-wave amplitude  

•  Production/detection asymmetries give negligible 
contribution to Ai’s 

•  In general, syst. significantly smaller than stat.  
–  e.g. FL(AFB) – syst 30 (20)% of stat.   [largest pπ mismatch] 
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Fit projection 1.1<q2<6.0 GeV2/c4 
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NB: weighted candidates 



Results: Likelihood, CP-avgd 
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Shifted…?! 



Results: Likelihood, CP-avgd 
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Results: Likelihood, CP-avgd 

41 

•  Tension seen in P5’ in 1fb-1 data confirmed with 3 fb-1:  

 

•  4.0<q2<6.0 and 6.0<q2<8.0 GeV2/c4 bins each show 
deviations of 2.8σ and 3.0σ respectively	





Results: Likelihood, CP-avgd 
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•  Tension seen in P5’ in 1fb-1 data confirmed with 3 fb-1:  

 

•  4.0<q2<6.0 and 6.0<q2<8.0 GeV2/c4 bins each show 
deviations of 2.8σ and 3.0σ respectively	





Results: Likelihood, CP-asymm 
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Results: Likelihood, CP-asymm 
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Zero-crossing points 
3. Amplitudes method
Results
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Zero crossing points:
q20(S4) < 2.65GeV2/c4 @ 95% CL

q20(S5) ∈ [2.49, 3.95]GeV2/c4 @ 68% CL

q20(AFB) ∈ [3.40, 4.87]GeV2/c4 @ 68% CL

S.Cunliffe 03-11-15 Full angular analysis B0 → K∗0µ+µ− 17/24

Preliminary

Preliminary

Preliminary
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Compatibility with the SM 

•  Use EOS software to check compatibility of CP-averaged 
angular measurements with SM  

•  Make χ2 fit to FL, AFB and S3-S9 in q2 range <8.0 GeV2 
and in wide bin 15.0<q2<19.0 GeV2  

•  Consider only modification to Re(C9
eff) 
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Compatibility with SM

� Use EOS software package1 to
test compatibility with SM.

� Perform χ2 fit of measured:

FL, AFB, S3..9.

� Float a generic vector coupling

a.k.a. Wilson Coefficient,
Re (C9).

� Motivated by previous work.

� Best fit to data is 3.4σ from SM.

1 EOS: [JHEP07(2010)098] [source code]

∆Re (C9) ≡ Re (C9)
our fit−Re (C9)

SM = −1.03

)9C(Re
3 3.5 4 4.5

2
!

!

0

5

10

15

LHCb

SM

S.Cunliffe 03-11-15 Full angular analysis B0 → K∗0µ+µ−
18/24

Preliminary

•  Find LHCb CP-averaged 
angular data alone 3.4σ from 
SM predictions 



A global fit to all the b→sµµ data   

•  Global fit to all the (preliminary, Moriond) b→sµµ data 
gives a solution 4.5σ from SM … !   

47 

B � KΜΜ
B � K�ΜΜ
Bs � ΦΜΜ

All

�3 �2 �1 0 1 2 3
�3

�2

�1

0

1

2

3

C9
NP

C 9
'NP

B � KΜΜ
B � K�ΜΜ
Bs � ΦΜΜ

All

�3 �2 �1 0 1 2 3
�3

�2

�1

0

1

2

3

C9
NP

C 1
0NP

B � KΜΜ
B � K�ΜΜ
Bs � ΦΜΜ

All

�3 �2 �1 0 1 2 3
�3

�2

�1

0

1

2

3

C9
NP � �C9'

NP

C 1
0NP
�

C 1
0'NP

B � KΜΜ
B � K�ΜΜ
Bs � ΦΜΜ

All

�3 �2 �1 0 1 2 3
�3

�2

�1

0

1

2

3

C9
NP � �C9'

NP

C 1
0NP
�
�

C 1
0'NP

Figure 8: For 4 favoured scenarios, we show the 3 σ regions allowed by B → Kµµ
observables only (dashed green), by B → K∗µµ observables only (long-dashed blue), by
Bs → φµµ observables only (dot-dashed purple) and by considering all data (red, with
1,2,3 σ contours). Same conventions for the constraints as in Fig. 7.

candidates but get a lower pull of 3.5 σ.

We see therefore that Z � scenarios could alleviate part of the discrepancies observed in
b → sµµ data, but with only one or two Wilson coefficients receiving NP contributions,
corresponding to Z � models with definite parity/chirality in its coupling to muons/quarks.

Another important criterion of choice among scenarios comes from considering the
main anomalies, namely, P �

5(B → K∗µµ), RK and BR(Bs → φµµ), and how they are
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Could the SM errors be wrong?  

•  Largest individual uncertainty on P5’ from cc-loop effects  

•  In an ideal world:  
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Breakdown of factorization
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Could the SM errors be wrong?  

•  Largest individual uncertainty on P5’ from cc-loop effects  

•  But in reality: 
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… in reality 
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Note however 
that can’t just 
effect P5’- would 
see correlated 
effect in other 
observables 



Could the SM errors be wrong?  

•  Try and test for this :  
–  If anomalies are due to NP then would expect best-fit values for C9 to be 

q2 independent 
–  If instead effect grows towards resonance, could be a cc effect 

•  If is to be explained by cc, effect needs to “unexpectedly large” 
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[Altmannshofer & Straub, 1503.06199] 

Purple bands are 
1 sigma errors…  



Outline 
•  A tour of existing LHCb rare decay measurements  

–  B0→µµ branching fraction measurements	


–  Bd

0→K*0µµ angular measurements 	


–  Other b→sµµ branching fraction measurements 
–  Global fits to b→sll data  
–  Mention a couple of other anomalous results 

•  (Very) latest Bd
0→K*0µµ angular results 

–  compatibility with SM 
–  Updated global fits 

•  Some remarks about the future 
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The future 

•  Will improve the precision of all existing 
measurements with the Run-II data!  
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•  Can also add new LHCb measurements  
–  Add RK*, Rφ, RΛ (for b→c equivalent RD, RΛ, … ),  

and also the (K*, φ, Λ) ee angular analyses 
–  Can we measure the interference with the J/ψ ? 

•  Introduce relevant resonances and try and fit the mµµ 
distribution – requires very good control of resolution 

•  Elsewhere:  
–  Cleaner EW penguin B0→K*0νν will be 

measured at Belle2 – would expect a substantial 
enhancement from a Z’  

–  K+→π+νν will be measured to 10% at NA62  

Motivation
• Possible explanations: 

• Form factors 

• Statistical fluctuation 

• Interference with J/ѱ K* 

• New physics 

• Something else

3

Using simple model of Breit-Wigner for J/ѱ, can see effect of 
relative phase is huge for B—>Kµµ (will be roughly !2 smaller 

for B—>K*µµ).
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B(K+→π+νν ) SM pred.                        =  ( 9.11±0.72)×10-11 

B(K+→π+νν ) measured. E787/E949   = (17.30±11.0) ×10-11 



Conclusions 
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•  The LHCb data has shown up some intriguing anomalies 
that warrant further experimental and theoretical 
exploration 

•  We are eagerly awaiting the Run-II data  

The LHCb Experiment: First 
Results and Prospects   

Mitesh Patel (Imperial College London) 
The University of Birmingham, 4th May 2011  

Outline 
•  An extended Higgs sector? (Bd!µ+µ"  and Bs!µ+µ-) 

•  New CP violating phases in Bs mixing? (!s from Bs!J/"!) 

•  New particles, couplings? (angular observables in Bd!K*µµ)  

•  A whistlestop tour# 

•  Will try and give you a feel for the prospects in each of these areas 
–  Results from 2010 data ~36 pb-1 
–  As of yesterday, ~80 pb-1 on tape, expectation is ~200 pb-1 for summer 

conferences, ~1 fb-1 by the end of the year 

!"


