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EW penguin decays 

b →  sll decays can theoretically be described by effective hamiltonian: 

FCNC as b →  sll transitions in the SM only possible via loop and box diagrams 
→  highly suppressed / new particles can enter the loop and modify observables  
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⌅ b ! s(d)`+`� decays are flavour changing neutral currents (FCNC)

⌅ Forbidden at tree-level in Standard Model (SM) ! loop-suppressed

⌅ New Physics amplitudes can modify B and angular distributions
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Description of FCNC processes in e↵ective field theory

⌅ E↵ective Hamiltonian for b ! s FCNC transition
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⌅ Wilson coe�cients Ci encode short-distance physics
and possible NP e↵ects

⌅ Oi local operators with di↵erent Lorentz structure

⌅ O0
i helicity flipped operators, ms/mb suppressed
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SM NP 
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left-handed part right-handed part 
suppressed in SM 

!  Operators Oi depend on hadronic form factors (FF) of the decay  
    ( FF usually dominate theoretical uncertainties ) 
 
!  Wilson coefficients Ci describe short distance effects − sensitive to NP contributions   
     →  observables like branching fraction, CP asymmetries, angular distributions depend on Ci  

i=1,2     Tree 
i=3-6,8  Gluon penguin 
i=7        Photon penguin 
i=9,10   Electroweak penguin 
i=S, P    Scalar / Pseudoscalar penguin  
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Introduction
LHCb searches for NP in FCNC with B (and D) decays, where new dynamics 
(particles) can enter in the loops and penguins and modify the SM predictions of  
some observables! An indirect search! 
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Looking for New Physics in 
b decays with LHCb

Frederic Teubert 

(CERN PH Department)

On behalf of the LHCb Collaboration

Thursday, August 26, 2010
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Study FCNC processes with “precise” SM prediction  

Measure Branching fractions, angular distributions, CP asymmetries 

If  no NP found, models beyond SM are constrained, or NP enters a higher energy scale! 

Also search for SM forbidden processes: LFV and LNV
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IntroductionIntroduction

Mode SM
Bs→ μ+μ- 3.28±0.17 ×10-9 

B0→ μ+μ- 1.07±0.10 ×10-10

A.J.Buras et al: arXiv:1303.3820+PDG2013 

sensitive to contributions in the scalar/pseudo-scalar sector

highly interesting to probe extended Higgs models and high tanb

limit or measurement of Bs,d→mm strongly constrain tanb vs MA plane

Doubly suppressed decay:  FCNC process and helicity suppressed. 

 

In MSSM: SM contributions:
75%

2HDM:

RPV:

24%
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Introduction

 FCNC can be described by an effective hamiltonian 

!

!

Wilson coefficients (Ci, Left H, Ci’Right H) are related with observables 

Operators depends on hadronic form factors (theoretical uncertainties)  

 Rare B decays and its relevant terms:  
Bs →µ+µ- (C10, CS, CP Scalar and Pseudo-scalar) 

radiative decays (C7 photon penguin) 

b →s l+l- (C7 and C9, C10 EW penguin)
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Why to study rare B decays?  

Rare FCNC b decays are sensitive to quantum corrections from degrees of 
freedom at or above the electroweak scale. 

b 

s 

μ%

μ%

SM New Physics? 
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NP can modify the Wilson coefficients (Ci) affecting observable quantities 
as angular distributions and decay rates  in B→ K(*)µµ decays (C7,C9,C10),  
decay rates in B→ µµ decays (Cs, Cp) and photon polarization (C’7) 

€ 

i =1,2 Tree
i = 3− 6,8 Gluon penguin
i = 7 Photon penguin
i = 9,10 Electroweak penguin
i = S Higgs (scalar) penguin
i = P Pseudoscalar penguin
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Heff = −
4GF

2
VtbVts

* [
i
∑ Ci(µ)Oi(µ)

left -handed part
! " # $ # + $ C i(µ) $ O i(µ)

right -handed part
suppressed in SM

! " # $ # ]

Model independent NP contributions 

NP can modify the Wilson coefficients (Ci) affecting observable quantities 
as angular distributions  in B→ K(*)µµ decays (C7,C9,C10), branching  
fractions in B→ µµ decays (C10, Cs, Cp) and photon polarization (C’7) 
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2∑ ONP

We describe FCNC processes by an effective Hamiltonian in the form of  
Operator Product Expansion to identify the types of operators that enter in 
the transitions: 

The B→ µµ  branching fraction can be parameterized as follows: 

7 



RD Analyses

  Very rare decays 

B(s)→µµ [arXiv:1411.4413, Nature 552 (2015) 
68] 

!

 b→sll  

B →K*ee [arXiv:1501.03038, JHEP 04 (2015) 
064]  

Angular distributions B →K*µµ 
[LHCB-CONF-2015-002] 

Bs →!µµ [LHCB-PAPER-2015-023 ] 

Λb→Λµµ [arXiv:1503.07138 ] 

Diff. BR B→K(*)µµ [arXiv:1403.8044, 
JHEP 06 (2014) 133]
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Radiative decays 

b→sγ, γ polarization [1fb-1/arXiv:
1402.6852, PRL 112 (2014) 161801] 

!

Lepton Universality 

B+→K+µµ, B+→K+ee [arXiv:1406.648, 
PRL 113 (2014) 151601] 

!

“Forbidden” decays: LFV, LNV 

 τ→3µ [arXiv:1409.8548, JHEP 02 (2015) 121] 

 B-→π+µ-µ- [arXiv:1401.5361, PRL 112 
(2014) 131802] 



LHCb detector

LHCb detector 

single-arm spectrometer (2<η<5) 

B, Bs, B+,D,Λb, ... produced at LHCb 

trigger on µ e, hadrons with “low” PT 

efficiency on dimuon channels ~90% 

precise vertex (IP ~20 µm at high PT) 

excellent momentum resolution Δp/p ≃ 0.5 % 

good particle ID (>97% µ-eff, 1-3% mis-ID) 
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LHCb operation 

“beautifully”  

operating @ 2 nominal luminosity 

Integrated luminosity 3 fb-1  

(2 fb-1 8 TeV, 1 fb-1 7 TeV)   



Lepton Universality B+→K+l+l-

Ratio of B+→K+µ+µ-, B+→K+e+e- as test of lepton universality 

!

!

!

uncertainties cancel on the ratio, q2 [1,6] GeV2/c4 

in SM is almost one, deviations of 0(10-3) 

 LHCb analysis: 
relative measurement with respect B+→K+J/ψ(l+l-) 

reconstruction of the e with bremsstrahlung photons
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Test of Lepton Universality Using Bþ → Kþlþl− Decays

R. Aaij et al.*

(LHCb Collaboration)
(Received 25 June 2014; published 6 October 2014)

A measurement of the ratio of the branching fractions of the Bþ → Kþμþμ− and Bþ → Kþeþe− decays
is presented using proton-proton collision data, corresponding to an integrated luminosity of 3.0 fb−1,
recorded with the LHCb experiment at center-of-mass energies of 7 and 8 TeV. The value of the ratio of
branching fractions for the dilepton invariant mass squared range 1 < q2 < 6 GeV2=c4 is measured to be
0.745þ0.090

−0.074 ðstatÞ $ 0.036ðsystÞ. This value is the most precise measurement of the ratio of branching
fractions to date and is compatible with the standard model prediction within 2.6 standard deviations.

DOI: 10.1103/PhysRevLett.113.151601 PACS numbers: 11.30.Hv

The decay Bþ → Kþlþl−, where l represents either a
muon or an electron, is a b → s flavor-changing neutral
current process. Such processes are highly suppressed in the
standard model (SM) as they proceed through amplitudes
involving electroweak loop (penguin and box) diagrams.
This makes the branching fraction of Bþ → Kþlþl− (the
inclusion of charge conjugate processes is implied through-
out this Letter.) decays highly sensitive to the presence of
virtual particles that are predicted to exist in extensions of the
SM [1]. The decay rate of Bþ → Kþμþμ− has been
measured by LHCb to a precision of 5% [2] and, although
the current theoretical uncertainties in the branching fraction
areOð30%Þ [3], these largely cancel in asymmetries or ratios
of Bþ → Kþlþl− observables [2,4].
Owing to the equality of the electroweak couplings of

electrons and muons in the SM, known as lepton univer-
sality, the ratio of the branching fractions of Bþ →
Kþμþμ− to Bþ → Kþeþe− decays [5] is predicted to be
unity within an uncertainty ofOð10−3Þ in the SM [1,6]. The
ratio of the branching fractions is particularly sensitive to
extensions of the SM that introduce new scalar or pseu-
doscalar interactions [1]. Models that contain a Z0 boson
have recently been proposed to explain measurements of
the angular distribution and branching fractions of B0 →
K%0μþμ− and Bþ → Kþμþμ− decays [7]. These types of
models can also affect the relative branching fractions of
Bþ → Kþlþl− decays if the Z0 boson does not couple
equally to electrons and muons.
Previous measurements of the ratio of branching frac-

tions from eþe− colliders operating at the ϒð4SÞ resonance
have measured values consistent with unity with a precision
of 20%–50% [8]. This Letter presents the most precise
measurement of the ratio of branching fractions and the

corresponding branching fraction B (Bþ → Kþeþe−) to
date. The data used for these measurements are recorded in
proton-proton (p p) collisions and correspond to 3.0 fb−1

of integrated luminosity, collected by the LHCb experiment
at center-of-mass energies of 7 and 8 TeV.
The value of RK within a given range of the dilepton

mass squared from q2min to q2max is given by

RK ¼

R q2max
q2min

dΓ½Bþ→Kþμþμ−(
dq2 dq2

R q2max
q2min

dΓ½Bþ→Kþeþe−(
dq2 dq2

; ð1Þ

where Γ is the q2 -dependent partial width of the decay. We
report a measurement of RK for 1 < q2 < 6 GeV2=c4. This
range is both experimentally and theoretically attractive as
it excludes the Bþ → J=ψð→ lþl−ÞKþ resonant region,
and precise theoretical predictions are possible. The high q2

region, above the ψð2SÞ resonance, is affected by broad
charmonium resonances that decay to lepton pairs [9].
The value of RK is determined using the ratio of the

relative branching fractions of the decays Bþ → Kþlþl−

and Bþ → J=ψð→ lþl−ÞKþ, with l ¼ e and μ, respec-
tively. This takes advantage of the large Bþ → J=ψKþ

branching fraction to cancel potential sources of systematic
uncertainty between the Bþ → Kþlþl− and Bþ →
J=ψð→ lþl−ÞKþ decays as the efficiencies are correlated
and the branching fraction to Bþ → J=ψKþ is known
precisely [10]. This is achieved by using the same selection
for Bþ → Kþlþl− and Bþ → J=ψð→ lþl−ÞKþ decays
for each leptonic final state and by assuming lepton
universality in the branching fractions of J=ψ mesons to
the μþμ− and eþe− final states [10]. In terms of measured
quantities, RK is written as

RK ¼
!
N Kþμþμ−

N Kþeþe−

"!
N J=ψðeþe−ÞKþ

N J=ψðμþμ−ÞKþ

"

×
!
ϵKþeþe−

ϵKþμþμ−

"!
ϵJ=ψðμþμ−ÞKþ

ϵJ=ψðeþe−ÞKþ

"
; ð2Þ

* Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published articles title, journal citation, and DOI.
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In 2014, another tension with the SM has been observed by LHCb, namely a 
suppression of the ratio RK of B+ →K+µ+µ-  and B+ →K+ e+ e- branching fractions 
at low di-lepton invariant mass  → test of lepton universality 

Puzzling deviations: Rk  = BR(B+ →K+µ+µ-)/BR(B+ →K+e+e-)    
7 

u u 

  = µ+, e+ 

  = µ-, e- 

In SM this ratio is expected to differ from unity only due to tiny Higgs penguin  
contributions and difference of phase space: 

                      RK (SM) = 1.0003 ± 0.0001          Bobeth et al., JHEP 12 (2007) 040 

Gaia Lanfranchi  (LHCb Collaboration)    ----     4 March 2015 

the oppositely charged muon candidate pair is distinct from
the J=ψ or the ψð2SÞ resonances. The Bþ → Kþeþe−

candidates are kept if the kaon has a low probability of
being an electron according to the information from the
electromagnetic and hadronic calorimeters and the RICH
system. The second source of background is from semi-
leptonic decays such as Bþ → D̄0ð→ Kþπ−Þlþνl, or
Bþ → D̄0πþ, with D̄0 → Kþl−ν̄l or πþl−ν̄l, which can
be selected as signal decays if at least one of the hadrons is
mistakenly identified as a lepton. All of these decays are
vetoed by requiring that the mass of the Kþl− pair, where
the lepton is assigned the pion mass, is greater than
1885 MeV=c2. These vetoes result in a negligible loss
of signal as measured in simulation. The third source of
background is partially reconstructed b -hadron decays that
are reconstructed with masses smaller than the measured
Bþ mass. In the muon decay modes, this background is
excluded by the choice ofmðKþμþμ−Þmass interval, while
in the electron modes this background is described in the
mass fit model. Fully hadronic b -meson decays, such as
Bþ → Kþπþπ−, are reduced to Oð0.1%Þ of the Bþ →
Kþμþμ− and Bþ → Kþeþe− signals by the electron and
muon identification requirements, respectively, and are
neglected in the analysis.
The reconstructed Bþ mass and dilepton mass of the

candidates passing the selection criteria are shown in
Fig. 1. It is possible to see the pronounced peaks of the
J=ψ and ψð2SÞ decays along with their radiative tail as a
diagonal band. Partially reconstructed decays can be seen
to lower Kþlþl− masses and the distribution of random
combinatorial background at high Kþlþl− masses.
Only candidates with 5175<mðKþμþμ−Þ<5700MeV=c2

or 4880 < mðKþeþe−Þ < 5700 MeV=c2 are consid-
ered. The dilepton mass squared is also restricted to
1 < q2 < 6 GeV2=c4, 8.68 < q2 < 10.09 GeV2=c4 and
6<q2< 10.09GeV2=c4 when selecting Bþ → Kþlþl−,

Bþ → J=ψð→ μþμ−ÞKþ and Bþ → J=ψð→ eþe−ÞKþ

candidates, respectively.
The event yields for the Bþ → Kþlþl− and the Bþ →

J=ψð→ lþl−ÞKþ modes are determined using unbinned
extended maximum likelihood fits to the Kþlþl− mass
distributions. The model is composed of a signal shape, a
combinatorial background shape and, for the electron
modes, a contribution from partially reconstructed b -hadron
decays.
The signal mass model for the muonmodes consists of the

sum of two Crystal Ball functions [16] with tails above and
below the mass peak. This empirical function describes the
core of the mass distribution and additional effects from the
experimental resolution and the radiative tail. The mean,
width, and radiative tail parameters for the signal model are
obtained from a fit to the Bþ → J=ψð→ μþμ−ÞKþ sample
and propagated to the fit for the Bþ → Kþμþμ− decays. The
validity of this approach is verified using simulation. The
combinatorial background is described by an exponential
function. There are 667046$ 882 Bþ → J=ψð→ μþμ−ÞKþ

and 1226$ 41 Bþ → Kþμþμ− signal decays, where the
uncertainties are statistical.
The mass distribution of the electron modes depends

strongly on the number of bremsstrahlung photons that are
associated with the electrons, and therefore a more involved
parametrization is required. The mass distribution also
depends on the pT of the electrons and on the occupancy
of the event. This shape dependence is studied using a
selection of Bþ → J=ψð→ eþe−ÞKþ events in the data. The
data are split into three independent samples according to
which particle in the event has fired the hardware trigger; a
similar strategy was applied in Ref. [17]. These categories
are mutually exclusive and consist of events selected either
by one of the two electrons, by the Kþ meson, or by other
particles. Events that are triggered by one of the electrons
in the hardware trigger typically have larger electron
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FIG. 1 (color online). Dilepton invariant mass squared q2 as a function of the Kþlþl− invariant mass, mðKþlþl−Þ, for selected
(a) Bþ → Kþμþμ− and (b) Bþ → Kþeþe− candidates. The radiative tail of the J=ψ and ψð2SÞ mesons is most pronounced in the
electron mode due to the larger bremsstrahlung and because the energy resolution of the ECAL is lower compared to the momentum
resolution of the tracking system.
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Lepton Universality B+→K+l+l-

Systematic dominated for the inv mass parameterization and trigger efficiencies

7

F. Dettori (CERN)

Test of lepton universality using B+ ! K+`+`� decays
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due to different final-state particle kinematic distributions
in the resonant and nonresonant dilepton mass region.
The dependence of the particle identification on the

kinematic distributions contributes a systematic uncer-
tainty of 0.2% to the value of RK. The efficiency
associated with the hardware trigger on Bþ →
J=ψð→ eþe−ÞKþ and Bþ → Kþeþe− decays depends
strongly on the kinematic properties of the final state
particles and does not entirely cancel in the calculation of
RK , due to different electron and muon trigger thresholds.
The efficiency associated with the hardware trigger is
determined using simulation and is cross-checked using
Bþ → J=ψð→ eþe−ÞKþ and Bþ → J=ψð→ μþμ−ÞKþ

candidates in the data, by comparing candidates triggered
by the kaon or leptons in the hardware trigger to
candidates triggered by other particles in the event.
The largest difference between data and simulation in
the ratio of trigger efficiencies between the Bþ →
Kþlþl− and Bþ → J=ψð→ lþl−ÞKþ decays is at the
level of 3%, which is assigned as a systematic uncertainty
on RK . The veto to remove misidentification of kaons as
electrons contains a similar dependence on the chosen
binning scheme and a systematic uncertainty of 0.6% on
RK is assigned to account for this.
Overall, the efficiency to reconstruct, select, and identify

an electron is around 50% lower than the efficiency for a
muon. The total efficiency in the range 1 < q2 <
6 GeV2=c4 is also lower for Bþ → Kþlþl− decays than
the efficiency for the Bþ → J=ψð→ lþl−ÞKþ decays, due
to the softer lepton momenta in this q2 range.

The ratio of efficiency-corrected yields of Bþ → Kþeþe−

to Bþ → J=ψð→ eþe−ÞKþ is determined separately for
each type of hardware trigger and then combined with the
ratio of efficiency-corrected yields for the muon decays. RK

is measured to have a value of 0.72þ0.09
−0.08ðstatÞ$0.04ðsystÞ,

1.84þ1.15
−0.82ðstatÞ$0.04ðsystÞ, and 0.61þ0.17

−0.07ðstatÞ$0.04ðsystÞ
for dielectron events triggered by electrons, the kaon, or
other particles in the event, respectively. Sources of system-
atic uncertainty are assumed to be uncorrelated and are
added in quadrature. Combining these three independent
measurements of RK and taking into account correlated
uncertainties from the muon yields and efficiencies, gives

RK ¼ 0.745þ0.090
−0.074ðstatÞ $ 0.036ðsystÞ:

The dominant sources of systematic uncertainty are due to
the parametrization of the Bþ → J=ψð→ eþe−ÞKþ mass
distribution and the estimate of the trigger efficiencies that
both contribute 3% to the value of RK.
The branching fraction of Bþ → Kþeþe− is determined

in the region from 1 < q2 < 6 GeV2=c4 by taking the ratio
of the branching fraction from Bþ → Kþeþe− and Bþ →
J=ψð→ eþe−ÞKþ decays and multiplying it by the mea-
sured value of B (Bþ → J=ψKþ) and J=ψ → eþe− [10].
The value obtained is BðBþ → Kþeþe−Þ ¼
½1.56þ0.19

−0.15ðstatÞ
þ0.06
−0.04ðsystÞ' × 10−7. This is the most precise

measurement to date and is consistent with the SM
expectation.
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FIG. 2. Mass distributions with fit projections overlaid of selected Bþ → J=ψð→ eþe−ÞKþ candidates triggered in the hardware
trigger by (a) one of the two electrons, (b) by the Kþ, and (c) by other particles in the event. Mass distributions with fit projections
overlaid of selected Bþ → Kþeþe− candidates in the same categories, triggered by (d) one of the two electrons, (e) the Kþ, and (f) by
other particles in the event. The total fit model is shown in black, the combinatorial background component is indicated by the dark
shaded region and the background from partially reconstructed b -hadron decays by the light shaded region.
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Consistent with SM at 2.6 σ 

A Z’ with different coupling with e and µ? 

Branching Ratio of B+→K+e+e-  

!

Consistent with SM predictions! 

due to different final-state particle kinematic distributions
in the resonant and nonresonant dilepton mass region.
The dependence of the particle identification on the

kinematic distributions contributes a systematic uncer-
tainty of 0.2% to the value of RK. The efficiency
associated with the hardware trigger on Bþ →
J=ψð→ eþe−ÞKþ and Bþ → Kþeþe− decays depends
strongly on the kinematic properties of the final state
particles and does not entirely cancel in the calculation of
RK , due to different electron and muon trigger thresholds.
The efficiency associated with the hardware trigger is
determined using simulation and is cross-checked using
Bþ → J=ψð→ eþe−ÞKþ and Bþ → J=ψð→ μþμ−ÞKþ

candidates in the data, by comparing candidates triggered
by the kaon or leptons in the hardware trigger to
candidates triggered by other particles in the event.
The largest difference between data and simulation in
the ratio of trigger efficiencies between the Bþ →
Kþlþl− and Bþ → J=ψð→ lþl−ÞKþ decays is at the
level of 3%, which is assigned as a systematic uncertainty
on RK . The veto to remove misidentification of kaons as
electrons contains a similar dependence on the chosen
binning scheme and a systematic uncertainty of 0.6% on
RK is assigned to account for this.
Overall, the efficiency to reconstruct, select, and identify

an electron is around 50% lower than the efficiency for a
muon. The total efficiency in the range 1 < q2 <
6 GeV2=c4 is also lower for Bþ → Kþlþl− decays than
the efficiency for the Bþ → J=ψð→ lþl−ÞKþ decays, due
to the softer lepton momenta in this q2 range.

The ratio of efficiency-corrected yields of Bþ → Kþeþe−

to Bþ → J=ψð→ eþe−ÞKþ is determined separately for
each type of hardware trigger and then combined with the
ratio of efficiency-corrected yields for the muon decays. RK

is measured to have a value of 0.72þ0.09
−0.08ðstatÞ$0.04ðsystÞ,

1.84þ1.15
−0.82ðstatÞ$0.04ðsystÞ, and 0.61þ0.17

−0.07ðstatÞ$0.04ðsystÞ
for dielectron events triggered by electrons, the kaon, or
other particles in the event, respectively. Sources of system-
atic uncertainty are assumed to be uncorrelated and are
added in quadrature. Combining these three independent
measurements of RK and taking into account correlated
uncertainties from the muon yields and efficiencies, gives

RK ¼ 0.745þ0.090
−0.074ðstatÞ $ 0.036ðsystÞ:

The dominant sources of systematic uncertainty are due to
the parametrization of the Bþ → J=ψð→ eþe−ÞKþ mass
distribution and the estimate of the trigger efficiencies that
both contribute 3% to the value of RK.
The branching fraction of Bþ → Kþeþe− is determined

in the region from 1 < q2 < 6 GeV2=c4 by taking the ratio
of the branching fraction from Bþ → Kþeþe− and Bþ →
J=ψð→ eþe−ÞKþ decays and multiplying it by the mea-
sured value of B (Bþ → J=ψKþ) and J=ψ → eþe− [10].
The value obtained is BðBþ → Kþeþe−Þ ¼
½1.56þ0.19

−0.15ðstatÞ
þ0.06
−0.04ðsystÞ' × 10−7. This is the most precise

measurement to date and is consistent with the SM
expectation.
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FIG. 2. Mass distributions with fit projections overlaid of selected Bþ → J=ψð→ eþe−ÞKþ candidates triggered in the hardware
trigger by (a) one of the two electrons, (b) by the Kþ, and (c) by other particles in the event. Mass distributions with fit projections
overlaid of selected Bþ → Kþeþe− candidates in the same categories, triggered by (d) one of the two electrons, (e) the Kþ, and (f) by
other particles in the event. The total fit model is shown in black, the combinatorial background component is indicated by the dark
shaded region and the background from partially reconstructed b -hadron decays by the light shaded region.
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Ratio of B→D*µ-ν, B→D*τ-ν as test of lepton universality 
Ratio affected for charged Higgs 

BaBar published results on tension 2.7(2) σ for D*(D) ratios [PRD 88 (2013) 072012], 
Belle preliminary (see this workshop) 

 LHCb analysis: 
trigger and selection without using µ to not bias kinematics 

selecting: τ→µ-νν, D*+→D0(Kπ)π+ 

required separation and isolation of vertices: B, D*, τ using MVA 

reconstruct kinematical variables: pB,z = pD*,z + pµ,z, Mmis2 = (pB-pD*-pµ)2 

fit Mmis2, q2, Eµ using templates from simulation for signal and background but 
validated with data

3. B! D

⇤⌧⌫ (LHCB-PAPER-2015-025) 13/33

B! D⇤⌧⌫

b c

q q

⌫⌧

⌧�

}D(⇤)B{
W�/H�

• In the Standard model, the only di↵erence between B! D(⇤)⌧⌫ and
B! D(⇤)µ⌫ is the mass of the lepton

• Theoretically clean - ⇠ 2% uncertainty for D⇤ mode

• Ratio R(D(⇤) = B(B! D(⇤)⌧⌫) / B(B! D(⇤)µ⌫) is sensitive to
charged Higgs

• Or non-MFV couplings favouring ⌧

• New measurement B! D⇤⌧⌫ with ⌧ ! µ⌫⌫ presented here for the first
time
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B→D(*)τν

Tim Gershon
CPV and rare decays

Belle preliminary & 
LHCb-PAPER-2015-025

LHCb

Careful averaging needed to account for 
statistical and systematic correlations
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R
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Tension with SM seems to persist
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Figure 1: Distributions of m2

miss

(a–d) and E⇤
µ

(e–h) of the four q2 bins of the isolated data
with fit projections overlaid. Below each panel di↵erences between the data and fit are shown,
normalized by the Poisson uncertainty in the data (blue histograms). The red bands give the 1�
template uncertainties.
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Figure 1: Distributions of m2

miss

(a–d) and E⇤
µ

(e–h) of the four q2 bins of the isolated data
with fit projections overlaid. Below each panel di↵erences between the data and fit are shown,
normalized by the Poisson uncertainty in the data (blue histograms). The red bands give the 1�
template uncertainties.
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measure R(D⇤) = 0.336± 0.027 (stat)± 0.030 (syst). This result, which is the first
measurement of this quantity at a hadron collider, is 2

systematic dominated by size of simulated 
samples and “µ-midid” efficiencies

2.1 σ deviation with respect SM

Belle preliminary, LHCB-PAPER-2015-025



Angular analysis B→K*e+e- at low q2

 Angular analysis of B→K*e+e- at low q2 
q2 in [0.002, 1.120] GeV2/c4, dominated by γ pole 

sensible to C’7, photon polarization (b→sγ) SM LH!

10

1 Introduction

The B0! K⇤0e+e� decay is a flavour changing neutral current process that is mediated
by electroweak box and loop diagrams in the Standard Model (SM). Charge conjugation is
implied throughout this paper unless stated otherwise and the K⇤0 represents the K⇤0(892),
reconstructed as K⇤0 ! K+⇡�. The angular distribution of the K+⇡�e+e� system is
particularly sensitive to contributions from non-SM physics (NP). The leading SM diagrams
are shown in Fig. 1; the relative contribution of each of the diagrams varies with the
dilepton invariant mass. In the region where the dilepton invariant mass squared (q2) is less
than 6GeV2/c4, some theoretical uncertainties from long distance contributions are greatly
reduced, thereby allowing more control over the SM prediction and increasing sensitivity
to any NP e↵ect [1, 2]. Furthermore, the contribution from a virtual photon coupling
to the lepton pair dominates in the very low q2 region, allowing measurement of the
helicity of the photon in b! s� transitions [3,4]. In the SM, this photon is predominantly
left-handed, with a small right-handed component arising from the mass of the s quark
and long distance e↵ects. In contrast, in many extension of the SM, NP may manifest as
a large right handed current, see for example Refs. [5–8].

The q2 region below 1GeV2/c4 has previously been studied through the analysis of
the B ! K⇤`+`� (` = e, µ) [9–11]. Experimentally, an analysis with muons rather than
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Figure 1: Dominant Standard Model Feynman graphs for the electroweak loop and box diagrams
involved in the B0! K⇤0e+e� decay.
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The four angular observables FL, A(2)
T , ARe

T and AIm
T are related to the transversity

amplitudes through [2]
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where |A0|2 = |A0L|2 + |A0R|2, |A?|2 = |A?L

|2 + |A?R

|2 and |A|||2 = |A||L|2 + |A||R|2. The
amplitudes A0, A|| and A? correspond to di↵erent polarisation states of the K⇤0 in the
decay. The labels L and R refer to the left and right chirality of the dielectron system.

Given the definition of �̃, the observable A(2)
T is averaged between B0 and B0 decays,

while AIm
T corresponds to a CP asymmetry [15]. The observable FL is the longitudinal

polarisation of the K⇤0 and is expected to be small at low q2, since the virtual photon
is then quasi-real and therefore transversely polarised. The observable ARe

T is related to
the forward-backward asymmetry AFB by ARe

T = 4
3AFB/(1 � FL) [2]. The observables

A(2)
T and AIm

T , in the limit q2 ! 0, can be expressed as simple functions of the C7 and C 0
7

coe�cients [2]
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. (3)

These measurements therefore provide information on photon polarisation amplitudes,
similar to that obtained by the CP asymmetry measured through time-dependent analyses
in B0! K⇤0(! K0

S⇡
0)� decays [16, 17].

This paper presents measurements of FL, A(2)
T , AIm

T and ARe
T of the B0 ! K⇤0e+e�

decay in the bin corresponding to a reconstructed q2 from 0.0004 to 1GeV2/c4.
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The decay B0 ! K⇤0[! K+⇡�]µ+µ�
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Figure 1. Kinematic variables of

B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ decays:

i) the (¯̀̀ )-invariant mass squared q2,

ii) the angle ✓` between ` = `� and B̄

in the (¯̀̀ ) center of mass (c.m.), iii)

the angle ✓K⇤ between K� and B̄ in

the (K�⇡+) c.m. and iv) the angle �

between the two decay planes spanned

by the 3-momenta of the (K⇡)- and

(¯̀̀ )-systems, respectively.

V is assumed to be on-shell in the narrow-resonance approximation which restricts the number

of kinematic variables to four4. Using B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ for illustration, they might be

chosen as depicted in figure 1.

The di↵erential decay rate, after summing over lepton spins, factorises into
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i ) when the decay

and its CP-conjugate decay are measured separately. This doubles again if the ` = e and µ

lepton flavours are not averaged. Notably, CP-asymmetries can be measured in an untagged

sample of B-mesons due to the presence of CP-odd observables (i = 5, 6, 8, 9) [7]. Moreover,

T-odd observables ⇠ cos �s sin �W (i = 7, 8, 9) are especially sensitive to weak BSM phases �W
[10, 14] contrary to T-even ones ⇠ sin �s sin �W (i = 1, . . . , 6), since the CP-conserved (strong)

phase �s is often predicted to be small. Note, that in the SM CP-violating e↵ects in b ! s are
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FL, AFB and Si are determined in bins of q2 and depend on Wilson coefficiencs C7, C9 and C10 
and hadronic form factors 
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systematic dominated by angular acceptance and 
the combinatorial background angular distribution 
modeling

!
124 candidates

Table 1: Fit results for the angular observables FL, A
(2)
T , AIm

T and ARe
T . The second column

corresponds to the uncorrected values directly obtained from the fit while the third column gives
the final results after the correction for the (3.8±1.9)% of B0! K⇤0�

e

+
e

� contamination and for
the small fit biases due to the limited size of the data sample. The first uncertainty is statistical
and the second systematic.

Uncorrected values Corrected values
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Figure 4: Distributions of the K+⇡�e+e� invariant mass, cos ✓
`

, cos ✓
K

and �̃ variables for the
B0! K⇤0e+e� decay mode and the three trigger categories grouped together. The dashed line
is the signal PDF, the light grey area corresponds to the combinatorial background, the dark
grey area is the PR background. The solid line is the total PDF.

The systematic uncertainties due to the modelling of the angular acceptance are
estimated by varying the shapes introducing functional dependences that would bias the
angular observables.

The uncertainties due to the description of the shape of the combinatorial background
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acceptance in the low-q2 region, the value of the lower q2 e↵ective limit is increased; because
of bremsstrahlung radiation, events with a true q2 greater than 1GeV2/c4 are accepted by
the selection and the higher q2 e↵ective limit is also increased. The values of these e↵ective
boundaries are obtained by requiring that in the low- and high- q2 regions the same number
of events are obtained in a uniform acceptance model and in the LHCb simulation. The
true q2 e↵ective region is thus determined to be between 0.002 and 1.12GeV2/c4. It is
checked, using the LHCb simulation, that the average values of the true q2 and of the
angular observables evaluated with a uniform acceptance in the region between 0.002 and
1.12GeV2/c4 are in agreement with those obtained from the angular fit performed on the
events selected in the reconstructed q2 interval 0.0004 to 1GeV2/c4. An uncertainty on
the q2 e↵ective limits is assigned as half of the q2 limit modification. The true q2 e↵ective
range is thus from 0.0020± 0.0008 to 1.120± 0.060GeV2/c4. This range should be used to

compare the FL, A(2)
T , AIm

T and ARe
T measurements with predictions.
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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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Table 1: Observed yields of the four signal channels summed over the q2 bins, excluding the
charmonium resonance regions. Only the statistical uncertainties are shown.
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Figure 1: Reconstructed B candidate mass for the four signal modes. The data are overlaid
with the result of the fit described in the text. The long and downstream K0

S categories are
combined. The results of the fits, performed in separate q2 bins, are merged for presentation
purposes. The blue (shaded) region is the combinatorial background.

made to the long and downstream categories. The mass fits for the four signal channels
are shown in Fig. 1, where the long and downstream K0

S categories are combined and the
results of the fits, performed in separate q2 bins, are merged for presentation purposes.
The corresponding number of signal candidates for each channel is given in Table 1.
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1 Introduction

The Isospin Asymmetry of B ! K(⇤)µ+µ� (B ! Kµ+µ� and B ! K⇤µ+µ�), AI is
defined as:

AI =
�(B0! K(⇤)0µ+µ�)� �(B+! K(⇤)+µ+µ�)

�(B0! K(⇤)0µ+µ�) + �(B+! K(⇤)+µ+µ�)
, (1)

Where �(X) is the partial width of a particular decay. In terms of branching fractions
AI is:

AI =
B(B0! K(⇤)0µ+µ�)� ⌧0

⌧+
B(B+! K(⇤)+µ+µ�)

B(B0! K(⇤)0µ+µ�) + ⌧0
⌧+
B(B+! K(⇤)+µ+µ�)

, (2)

where B is the branching fraction of the decay and ⌧0
⌧+

is the ratio of the lifetimes of

the B0 and B+ mesons. For the dominant Feynman diagrams, the di↵erence between the
charged and neutral decays is simply a di↵erent spectator quark.

(a) (b)

Figure 1: Two feynman diagrams which contribute to the the decay amplitude of B !
K(⇤)µ+µ� decays. Left is one of the dominant diagrams, of which the isospin asymmetry
is insensitive to. The right diagram shows a diagram which is sensitive to new physics
through AI .

It is not clear from Fig. 1(a) that there should be any significant di↵erence in physics
between the charged and neutral diagrams, and indeed the amount of isospin asymmetry
in the SM is predicted to be very close to zero [1]. A diagram that does contribute to
AI is Fig. 1(b) where the spectator quark radiates a virtual photon instead of the W
boson. These processes are dependant on the Wilson’s coe�cients, O1�6, O8 and the sign
of O7. Although AI is not as significantly altered by new physics as the forward backward
asymmetry, AI is still sensitive to new physics.

BaBar and Belle have measured AI for the decays outlined above. They measured
AI in electron final states as well as muon final states. At q2 below the J/ mass, most
results lie below zero which is not predicted by the SM. The most significant results are

1

Table 1: Observed yields of the four signal channels summed over the q2 bins, excluding the
charmonium resonance regions. Only the statistical uncertainties are shown.
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Figure 1: Reconstructed B candidate mass for the four signal modes. The data are overlaid
with the result of the fit described in the text. The long and downstream K0

S categories are
combined. The results of the fits, performed in separate q2 bins, are merged for presentation
purposes. The blue (shaded) region is the combinatorial background.

made to the long and downstream categories. The mass fits for the four signal channels
are shown in Fig. 1, where the long and downstream K0

S categories are combined and the
results of the fits, performed in separate q2 bins, are merged for presentation purposes.
The corresponding number of signal candidates for each channel is given in Table 1.
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Angular Analysis B→K*µ+µ-

Angular Analysis B→K*µ+µ- 

Forward backward muon asymmetry, SM q20 ~4 GeV2/c4 

Full angular distribution, observables sensible to C(‘)7, C(‘)9, C(‘)10 and form factors.
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K

⇤0
µ

+

µ

� signal can therefore be written as

1

d(�+ �̄)/dq2
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Additional sets of observables, for which the leading form-factor uncertainties cancel,
can be built from F

L

and S

3

through S

9

. Examples of such “optimised” observables
include the transverse asymmetry A

(2)

T

[22], where A(2)

T

= S

3

/(1�F

L

), and the P 0 series of
observables [23], with, for example, P 0

4,5 = S

4,5/
p
F

L

(1� F

L

).
At LHCb, the K

⇤0 is reconstructed through the decay K

⇤0 ! K

+

⇡

�. In addition to
the resonant P-wave K

⇤0 contribution to the K

+

⇡

�
µ

+

µ

� final state, the K

+

⇡

� can also
be in an S-wave configuration. The addition of an S-wave component introduces two new
complex amplitudes, AL,R

S

, and results in six additional angular terms. The new angular
terms are given in the lower part of Table 1. In the analyses described in Refs [1, 7] the
S-wave pollution, which is expected to be on the order of ten percent, was treated as a
systematic uncertainty. The introduction of a K

+

⇡

� system in an S-wave configuration
modifies the angular distribution to

1

d(�+ �̄)/dq2
d3(�+ �̄)
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����
S+P

= (1� F
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)
1

d(�+ �̄)/dq2
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+
3

16⇡
F

S

sin2

✓` + S-P interference

where F

S

denotes the S-wave fraction and S-P interference refers to the terms in Table 1
that depend on both the P- and S-wave amplitudes.

For the present analysis, an unbinned maximum likelihood fit is used to determine
the CP -averaged observables F

L

, A
FB

, and S

3

through S

9

. The S-wave observables are
explicitly included as nuisance parameters. The data are analysed in approximately
2GeV2

/c

4

q

2 bins and measurements are also made in wider 1.1 < q

2

< 6.0GeV2

/c

4

and 15.0 < q

2

< 19.0GeV2

/c

4 bins for which there are particularly precise theoretical
predictions (see Tables 2 and 3 for details).

3 Detector and simulation

The LHCb detector [24,25] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b- or c-quarks. The detector
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The decay B0 ! K⇤0[! K+⇡�]µ+µ�

d

b̄

d

s̄

B0 K⇤0

µ�

µ+

t̄

W+

Z0, �

B
K* K*

z

K

+
+

Figure 1. Kinematic variables of

B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ decays:

i) the (¯̀̀ )-invariant mass squared q2,

ii) the angle ✓` between ` = `� and B̄

in the (¯̀̀ ) center of mass (c.m.), iii)

the angle ✓K⇤ between K� and B̄ in

the (K�⇡+) c.m. and iv) the angle �

between the two decay planes spanned

by the 3-momenta of the (K⇡)- and

(¯̀̀ )-systems, respectively.

V is assumed to be on-shell in the narrow-resonance approximation which restricts the number

of kinematic variables to four4. Using B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ for illustration, they might be

chosen as depicted in figure 1.

The di↵erential decay rate, after summing over lepton spins, factorises into
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that is, into q2-dependent observables5 J j
i (q

2) and the dependence on the angles ✓`, ✓K⇤ and

�. No additional angular dependencies can be induced by any extension of the SM operator

basis [11] as found by [12, 13]. The following simplifications arise in the limit m` ! 0: Js
1

= 3Js
2

,

Jc
1

= �Jc
2

and Jc
6

= 0.

The di↵erential decay rate d4�̄ of the CP-conjugated decay B0

d ! K0⇤(! K+⇡�) + ¯̀̀ is

obtained through the following replacements

J j
1,2,3,4,7 ! J̄ j

1,2,3,4,7[�W ! ��W ], J j
5,6,8,9 ! � J̄ j

5,6,8,9[�W ! ��W ], (2)

due to ` $ ¯̀) ✓` ! ✓` � ⇡ and � ! ��. The CP-violating (weak) phases �W are conjugated.

The angular distribution provides twice as many observables (J j
i and J̄ j

i ) when the decay

and its CP-conjugate decay are measured separately. This doubles again if the ` = e and µ

lepton flavours are not averaged. Notably, CP-asymmetries can be measured in an untagged

sample of B-mesons due to the presence of CP-odd observables (i = 5, 6, 8, 9) [7]. Moreover,

T-odd observables ⇠ cos �s sin �W (i = 7, 8, 9) are especially sensitive to weak BSM phases �W
[10, 14] contrary to T-even ones ⇠ sin �s sin �W (i = 1, . . . , 6), since the CP-conserved (strong)

phase �s is often predicted to be small. Note, that in the SM CP-violating e↵ects in b ! s are

doubly-suppressed by the Cabibbo angle as Im[VubV
⇤
us/(VtbV

⇤
ts)] ⇡ ⌘̄� ⇠ 10�2.

4 The o↵-resonance case has been studied in [9].
5 Possibilities to extract q2-integrated Jj

i from single-di↵erential distributions in ✓`, ✓K⇤ or � can be found in [10].
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Angular observables of B → K* l+ l-   

B0 → K*0  l+l-  described by three angles (θK, θl, Φ ) and di-muon mass squared, q2: 

C. Linn (CERN) | EW penguin decays 
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Figure 1. Kinematic variables of

B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ decays:

i) the (¯̀̀ )-invariant mass squared q2,

ii) the angle ✓` between ` = `� and B̄

in the (¯̀̀ ) center of mass (c.m.), iii)

the angle ✓K⇤ between K� and B̄ in

the (K�⇡+) c.m. and iv) the angle �

between the two decay planes spanned

by the 3-momenta of the (K⇡)- and

(¯̀̀ )-systems, respectively.

V is assumed to be on-shell in the narrow-resonance approximation which restricts the number

of kinematic variables to four4. Using B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ for illustration, they might be

chosen as depicted in figure 1.
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and its CP-conjugate decay are measured separately. This doubles again if the ` = e and µ

lepton flavours are not averaged. Notably, CP-asymmetries can be measured in an untagged

sample of B-mesons due to the presence of CP-odd observables (i = 5, 6, 8, 9) [7]. Moreover,

T-odd observables ⇠ cos �s sin �W (i = 7, 8, 9) are especially sensitive to weak BSM phases �W
[10, 14] contrary to T-even ones ⇠ sin �s sin �W (i = 1, . . . , 6), since the CP-conserved (strong)

phase �s is often predicted to be small. Note, that in the SM CP-violating e↵ects in b ! s are

doubly-suppressed by the Cabibbo angle as Im[VubV
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4 The o↵-resonance case has been studied in [9].
5 Possibilities to extract q2-integrated Jj

i from single-di↵erential distributions in ✓`, ✓K⇤ or � can be found in [10].
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B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ decays:

i) the (¯̀̀ )-invariant mass squared q2,

ii) the angle ✓` between ` = `� and B̄

in the (¯̀̀ ) center of mass (c.m.), iii)

the angle ✓K⇤ between K� and B̄ in

the (K�⇡+) c.m. and iv) the angle �

between the two decay planes spanned

by the 3-momenta of the (K⇡)- and

(¯̀̀ )-systems, respectively.

V is assumed to be on-shell in the narrow-resonance approximation which restricts the number

of kinematic variables to four4. Using B̄0

d ! K̄⇤0(! K�⇡+) + ¯̀̀ for illustration, they might be

chosen as depicted in figure 1.
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that is, into q2-dependent observables5 J j
i (q

2) and the dependence on the angles ✓`, ✓K⇤ and
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basis [11] as found by [12, 13]. The following simplifications arise in the limit m` ! 0: Js
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The di↵erential decay rate d4�̄ of the CP-conjugated decay B0

d ! K0⇤(! K+⇡�) + ¯̀̀ is

obtained through the following replacements
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1,2,3,4,7[�W ! ��W ], J j
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5,6,8,9[�W ! ��W ], (2)

due to ` $ ¯̀) ✓` ! ✓` � ⇡ and � ! ��. The CP-violating (weak) phases �W are conjugated.

The angular distribution provides twice as many observables (J j
i and J̄ j

i ) when the decay

and its CP-conjugate decay are measured separately. This doubles again if the ` = e and µ

lepton flavours are not averaged. Notably, CP-asymmetries can be measured in an untagged

sample of B-mesons due to the presence of CP-odd observables (i = 5, 6, 8, 9) [7]. Moreover,

T-odd observables ⇠ cos �s sin �W (i = 7, 8, 9) are especially sensitive to weak BSM phases �W
[10, 14] contrary to T-even ones ⇠ sin �s sin �W (i = 1, . . . , 6), since the CP-conserved (strong)

phase �s is often predicted to be small. Note, that in the SM CP-violating e↵ects in b ! s are

doubly-suppressed by the Cabibbo angle as Im[VubV
⇤
us/(VtbV

⇤
ts)] ⇡ ⌘̄� ⇠ 10�2.

4 The o↵-resonance case has been studied in [9].
5 Possibilities to extract q2-integrated Jj

i from single-di↵erential distributions in ✓`, ✓K⇤ or � can be found in [10].

⌅ Decay fully described by three helicity angles ~⌦ = (✓`, ✓K , �) and q2 = m2
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⌅ Large part of theory uncertainty due to hadronic form-factors

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

FL, AFB and Si are determined in bins of q2 and depend on Wilson coefficiencs C7, C9 and C10 
and hadronic form factors 

FPCP 2015, Nagoya 9 

!

Depends on FL, AFB, Si, observables, that are sensible to C(‘)7, C(‘)9, C(‘)10 and form 
factors. 

Additional “optimized” observables, with cancellation of leading form-factor 
uncertainties

F. Dettori (CERN)

Results
Angular analysis of the B0

d

! K⇤µ+µ�
decay

• Form-factor independent observables P 0
5 = S5p
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• Tension in P 0
5 [PRL 111, 191802 (2013)] confirmed with 3fb�1

• Local deviations of 2.9� and 3.0� for q2 2 [4.0, 6.0] and 6.0, 8.0 GeV 2

• Naive combination of the two gives local significance of 3.7�
• Agreement with 1 fb�1 result

[SM from Descotes-Genon et al. JHEP12(2014)125]
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Why to study rare B decays?  

Rare FCNC b decays are sensitive to quantum corrections from degrees of 
freedom at or above the electroweak scale. 

b 

s 

μ%

μ%

SM New Physics? 

4 

NP can modify the Wilson coefficients (Ci) affecting observable quantities 
as angular distributions and decay rates  in B→ K(*)µµ decays (C7,C9,C10),  
decay rates in B→ µµ decays (Cs, Cp) and photon polarization (C’7) 

€ 

i =1,2 Tree
i = 3− 6,8 Gluon penguin
i = 7 Photon penguin
i = 9,10 Electroweak penguin
i = S Higgs (scalar) penguin
i = P Pseudoscalar penguin

3 

Gaia Lanfranchi  (LHCb Collaboration)    ----     4 March 2015 
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Angular Analysis B→K*µ+µ-

Control channel B→J/ψ(µ+µ-) K*, remove J/ψ, ψ(2S) resonances 

veto peaking background due to mis-id: Λb→pK-µ+µ-, Bs→ ! (K+K-)µ+µ- 

Full fit in q2 angles, mass and also K* mass and S-wave contribution 

angular acceptance parameterized with Legendre polynomials, check with control channel   

events are weighted according with acceptance 

background angular distribution parameterized using Chebychev Polynomials (2nd degree)
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Figure 3: Invariant mass m(K+⇡�µ+µ�) for (left) the control decay B0! J/ K⇤0 and (right)
the signal decay B0! K⇤0µ+µ�, integrated over the full q2 range. The B0! K⇤0µ+µ� signal
yield integrated over q2 is determined to be 2398± 57. Overlaid are the projections of the total
fitted distribution (black line) and its di↵erent components. The signal is shown by the blue
component and the background is shown by the red hatched component.

7 Angular analysis

In each q

2 bin, an unbinned maximum likelihood fit to m(K+

⇡

�
µ

+

µ

�) and the three
decay angles cos ✓l, cos ✓K and � is used to determine the angular observables introduced
in Section 2. The K

+

⇡

�
µ

+

µ

� invariant mass is included in the fit to separate signal from
background. The signal and background mass distributions are parameterised as described
in Section 6. The background angular distribution is modelled by a series of Chebychev
polynomials in cos ✓`, cos ✓K and � up to order two.

In order to correctly describe the signal angular distribution, the angular acceptance
described in Section 5 needs to be accounted for. The acceptance is treated in one of
two ways depending on the q

2 range being fitted. In narrow q

2 bins, the acceptance can
be treated as being constant across each bin. The acceptance is then included in the fit
by multiplying Eq. 5 by the acceptance function evaluated at the centre of each bin. In
the wider 1.1 < q

2

< 6.0GeV2

/c

4 and 15.0 < q

2

< 19.0GeV2

/c

4 bins, the shape of the
acceptance can vary significantly across the q

2 bin. To account for the acceptance, the
candidates are therefore weighted in the likelihood fit by the inverse of their e�ciency. The
event weights are corrected such that this pseudo-likelihood fit has confidence intervals
with the correct coverage.

In all of the q2 bins, to ensure correct coverage for the angular observables, the Feldman-
Cousins method [46] is used to determine the uncertainties. Nuisance parameters are
treated using the plug-in method [47] throughout.

In order to better constrain the S-wave fraction, a simultaneous fit of the m(K+

⇡

�)
distribution is also performed using the parameterisation described in Section 6. The
signal and background yields are shared between this fit and that made to the angular
distribution.
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Angular Analysis B→K*µ+µ-
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Figure 4: Angular and mass distributions for the q2 bin 1.1 < q2 < 6.0GeV2/c4. The m(K+⇡�)
distribution and the three decay angles are given in the signal mass window ±50MeV/c2 around
the nominal B0 mass. Overlaid are the projections of the total fitted distribution (black line)
and its di↵erent components. The signal is shown by the blue component and the background is
shown by the red hatched component.

Fig. 4 shows the projections of the fitted probability density function on the angular
and mass distributions for the 1.1 < q

2

< 6.0GeV2

/c

4

q

2 bin. Good agreement of the
fitted function with the data is observed. Projections for the other q2 bins are provided in
Appendix B.
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Figure 4: Angular and mass distributions for the q2 bin 1.1 < q2 < 6.0GeV2/c4. The m(K+⇡�)
distribution and the three decay angles are given in the signal mass window ±50MeV/c2 around
the nominal B0 mass. Overlaid are the projections of the total fitted distribution (black line)
and its di↵erent components. The signal is shown by the blue component and the background is
shown by the red hatched component.

Fig. 4 shows the projections of the fitted probability density function on the angular
and mass distributions for the 1.1 < q

2

< 6.0GeV2

/c

4

q

2 bin. Good agreement of the
fitted function with the data is observed. Projections for the other q2 bins are provided in
Appendix B.
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Figure 5: The CP -averaged observables in bins of q2. The shaded boxes show the SM prediction
taken from Ref. [61].
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LHCb has clarified the AFB picture 

zero-crossing point of AFB in agreement with SM 

!

!

but mild tension in AFB with respect SM (<~1σ)

10 Conclusions

This note describes an updated angular analysis of the B0! K

⇤0
µ

+

µ

� decay, using the full
LHCb Run I data sample, corresponding to an integrated luminosity of 3 fb�1. The data
were taken at centre-of-mass energies of 7 and 8TeV during 2011 and 2012, respectively.
Using the full angular distribution, the CP -averaged observables, F

L

, A
FB

and S

3

through
S

9

, are measured. This analysis is the first to determine a complete set of CP -averaged
observables. Neglecting the correlations between these observables, the results are largely
in agreement with the SM predictions. However, the observable S

5

is in poor agreement
with the SM prediction in the region 4.0 < q

2

< 8.0GeV2

/c

4. This discrepancy was
previously seen in measurements of the related observable P

0
5

, which were made with the
2011 LHCb dataset. With the addition of the 2012 data, the P

0
5

measurements are only
compatible with the SM prediction at a level of 3.7� in 4.0 < q

2

< 8.0GeV2

/c

4. To better
understand the compatibility of the data with the SM a global analysis of the data, taking
into account the correlation between the observables, is necessary. A mild tension can also
be seen in the A

FB

distribution, where the measurements are systematically <⇠ 1� below
the SM prediction in the region 1.1 < q

2

< 6.0GeV2

/c

4. The zero-crossing point of A
FB

has been determined to be (3.7+0.8
�1.1)GeV2

/c

4, which is in good agreement with the SM
prediction.
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Angular analysis of B0 →  K*0  µµ   

C. Linn (CERN) | EW penguin decays 

Long history of B0 →  K*0  µµ measurements:  

Belle:  Phys. Rev. Lett. 103 (2009) 171801, Babar: Phys. Rev. D. 73. 092001, CDF:  Phys. Rev. Lett. 108 081807, 
CMS:  Phys. Lett. B 727 (2013) 77, ATLAS: ATLAS-CONF-2013-038, LHCb JHEP 08 (2013) 131 
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→ mostly compatible  with SM,  
     but … 

PRL 111, 191801 (2013) 

Less form-factor independent  
observable:   

P
′

5 =
S5

√

FL(1− FL))

3.7σ local deviation from 
SM  prediction 

SM: arXiv:1503.05534, arXiv:1411.3161

PLB 103 (2009)) 171801; PRD73 092001; PRL 108 081807; PRB 
727 (2013) 77, ATLAS-CONF-2013-038, JHEP 08 (2013) 131
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Good agreement with SM  

But tension on S5

10 Conclusions

This note describes an updated angular analysis of the B0! K

⇤0
µ

+

µ

� decay, using the full
LHCb Run I data sample, corresponding to an integrated luminosity of 3 fb�1. The data
were taken at centre-of-mass energies of 7 and 8TeV during 2011 and 2012, respectively.
Using the full angular distribution, the CP -averaged observables, F

L

, A
FB

and S

3

through
S

9

, are measured. This analysis is the first to determine a complete set of CP -averaged
observables. Neglecting the correlations between these observables, the results are largely
in agreement with the SM predictions. However, the observable S

5

is in poor agreement
with the SM prediction in the region 4.0 < q

2

< 8.0GeV2

/c

4. This discrepancy was
previously seen in measurements of the related observable P

0
5

, which were made with the
2011 LHCb dataset. With the addition of the 2012 data, the P

0
5

measurements are only
compatible with the SM prediction at a level of 3.7� in 4.0 < q

2

< 8.0GeV2

/c

4. To better
understand the compatibility of the data with the SM a global analysis of the data, taking
into account the correlation between the observables, is necessary. A mild tension can also
be seen in the A

FB

distribution, where the measurements are systematically <⇠ 1� below
the SM prediction in the region 1.1 < q

2

< 6.0GeV2

/c

4. The zero-crossing point of A
FB

has been determined to be (3.7+0.8
�1.1)GeV2

/c

4, which is in good agreement with the SM
prediction.
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Figure 5: The CP -averaged observables in bins of q2. The shaded boxes show the SM prediction
taken from Ref. [61].
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Figure 6: The observable P 0
5

in bins of q2. The shaded boxes show the SM prediction taken
from Ref. [13].

17

2 bins with 2.9 σ 

 naïve local significance 3.7 σ

SM: JHEP 1412 (2014) 124
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SM: JHEP 07 (2011) 067, 1105.0376
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CNP9 ~ -1.1! Altmannshofer and Straub  
arXiv:1503.06199

Wilson coefficients global fit from b→s µ+µ-  

Including results from LHCb but also ATLAS, CMS 

Preferred solution:
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R
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C
10N
P
)
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Re(C9NP)

R
e(
C
9� )

Figure 1 – Allowed regions in the Re(CNP
9 )-Re(CNP

10 ) plane (left) and the Re(CNP
9 )-Re(C0

9) plane (right). The blue
contours correspond to the 1 and 2� best fit regions from the global fit. The green and red contours correspond
to the 1 and 2� regions if only branching ratio data or only data on B ! K⇤µ+µ� angular observables is taken
into account.

(including braching ratios and non-LHCb measurements) into sets with data below 2.3 GeV2,
between 2 and 4.3 GeV2, between 4 and 6 GeV2, and above 15 GeV2 (the slight overlap of the
bins, caused by changing binning conventions over time, is of no concern as correlations are
treated consistently). The resulting 1� regions are shown in fig. 2 (the fit for the region between
6 and 8 GeV2 is shown for completeness as well but only as a dashed box because we assume
non-perturbative charm e↵ects to be out of control in this region and thus do not include this
data in our global fit). We make some qualitative observations, noting that these will have to
be made more robust by a dedicated numerical analysis.

• The NP hypothesis requires a q2 independent shift in C
9

. At roughly 1�, this hypothesis
seems to be consistent with the data.

• If the tensions with the data were due to errors in the form factor determinations, naively
one should expect the deviations to dominate at one end of the kinematical range where
one method of form factor calculation (lattice at high q2 and LCSR at low q2) dominates.
Instead, if at all, the tensions seem to be more prominent at intermediate q2 values where
both complementary methods are near their domain of validity and in fact give consistent
predictions15.

• There does seem to be a systematic increase of the preferred range for C
9

at q2 below
the J/ resonance, increasing as this resonance is approached. Qualitatively, this is the
behaviour expected from non-factorizable charm loop contributions. However, the central
value of this e↵ect would have to be significantly larger than expected on the basis of
existing estimates 20,21,22,23,24, as conjectured earlier 23.

Concerning the last point, it is important to note that a charm loop e↵ect does not have to
modify the H� and H

0

helicity amplitudese in the same way (as a shift in C
9

induced by NP
would). Repeating the above exercise and allowing a q2-dependent shift of C

9

only in one of
these amplitudes, one finds that the resulting corrections would have to be huge and of the same
sign. It thus seems that, if the tensions are due to a charm loop e↵ect, this must contribute to
both the H� and H

0

helicity amplitude with the same sign as a negative NP contribution to C
9

.

eThe modification of the H+ amplitude is expected to be suppressed 22,24.

Several interpretations 
A possible Z’ 0(7 TeV) with FV coupling.  

If different coupling to e, µ; it could explain RK

JHEP 1401 (2014) 069, JHEP 1402 (2014) 111,  

PRD 89 (2014) 095033

Assuming new physics in B →K(*)µµ  only, a consistent description of these 
anomalies seems possible: 

Difficult to explain data in SUSY scenarios  
or using partial compositeness (why only C9?) 
Data can be described using Z’ with flavour violating  
couplings, but mass must be o(7 TeV) 
to avoid direct limits and limits from mixing (Δms). 

Interpretation 

G. Hiller and M. Schmaltz,  PRD90 (2014) 054014 
D. Ghosh et al., arXiv:1408.4097 [hep-ph]. 
T. Hurth at al., arXiv:1410.4545 [hep-ph]. 
S. L. Glashow et al., arXiv:1411.0565 [hep-ph]. 

PS: NA62 will probe the same underlying physics with K → πνν decays 

11 

Fox et al., PRD 84 (2011) 115006, Buras et al. JHEP 11 (2014) 121 
Altmannshofer et al. PRD 89 (2014) 095033 

Gaia Lanfranchi  (LHCb Collaboration)    ----     4 March 2015 

 diff BR B→K(*)µ+µ-

angular B→K*µ+µ-



Branching ratio and Angular Analysis Bs→ !(K+K-) µ+µ-

 Branching ratio and angular analysis 

similar to B→K*µ+µ-, but production suppressed and not flavour 
specific final state

19

Branching fraction of Bs → ϕ µµ  

C. Linn (CERN) | EW penguin decays 

BDT to suppress combinatorial background 
 
Veto of Bs →  J/Ψ ϕ  and Bs →  Ψ(2S) ϕ  

Similar to B0 →  K*0 µµ used PID to explicitly veto  
!  Bs →  J/Ψ ϕ  with K – µ double misidentification 
!  Λb → Λ(1520) µµ with p – K misidentification 
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Figure 2: Invariant mass of the K+K�µ+µ� system versus q2. The signal decay B0

s ! �µ+µ�

is clearly visible inside the dashed vertical lines ±50MeV/c2 around the fitted B0

s mass. The
horizontal lines denote the charmonium regions, where the tree-level decays B0

s ! J/ � and
B0

s !  (2S)� dominate.

muon mass hypothesis, is within 45MeV/c2 of the known J/ mass, unless the final-state101

particles fulfill stringent particle identification requirements. After this veto is applied,102

the background contribution is found to be negligible.103

The rare baryonic decay ⇤0

b ! ⇤(1520)(! pK

�)µ+

µ

� can mimic the signal decay if104

the proton in the final state is misidentified as a kaon. This potential background is vetoed105

by rejecting events with invariant mass close to the known ⇤0

b baryon mass, when one106

kaon is reconstructed under the proton mass hypothesis, unless the kaon passes stringent107

particle identification requirements. A yield of 2.0± 0.8 ⇤0

b! ⇤(1520)µ+

µ

� background108

events is expected in the signal region after the veto. The rare decay B

0! K

⇤0
µ

+

µ

� can109

be a peaking background if the pion in the final state is reconstructed as kaon. After110

suppressing this background using particle identification information, a yield of 1.7± 0.4111

events is expected in the signal region. The background pollution from ⇤

0

b! ⇤(1520)µ+

µ

�
112

and B

0! K

⇤0
µ

+

µ

� decays is neglected in the fit and treated as a systematic uncertainty.113

Backgrounds from semileptonic b ! c(! sµ

�
⌫̄µ)µ+

⌫µ cascade decays and fully hadronic114

decays such as B0

s ! D

+

s (! K

+

K

�
⇡

+)⇡�, where hadrons are misidentified as muons, are115

found to be negligible.116
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Figure 1: Examples of b ! s loop diagrams contributing to the decay B0

s ! �µ+µ� in the SM.

zero in the SM but can be large in the presence of contributions beyond the SM [9].34

2 Detector and simulation35

The LHCb detector [10,11] is a single-arm forward spectrometer covering the pseudorapidity36

range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The detector37

includes a high-precision tracking system consisting of a silicon-strip vertex detector38

surrounding the pp interaction region [12], a large-area silicon-strip detector located39

upstream of a dipole magnet with a bending power of about 4Tm, and three stations of40

silicon-strip detectors and straw drift tubes [13] placed downstream of the magnet. The41

tracking system provides a measurement of momentum, p, of charged particles with a42

relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200GeV/c. The43

minimum distance of a track to a primary vertex, the impact parameter (IP), is measured44

with a resolution of (15 + 29/p
T

)µm, where p

T

is the component of the momentum45

transverse to the beam, in GeV/c. Di↵erent types of charged hadrons are distinguished46

using information from two ring-imaging Cherenkov detectors [14]. Photons, electrons47

and hadrons are identified by a calorimeter system consisting of scintillating-pad and48

preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons49

are identified by a system composed of alternating layers of iron and multiwire proportional50

chambers [15]. The online event selection is performed by a trigger [16], which consists of51

a hardware stage, based on information from the calorimeter and muon systems, followed52

by a software stage, which applies a full event reconstruction.53

Simulated signal samples are used to determine the acceptance e↵ect due to detector54

geometry, trigger, reconstruction and selection. In addition, exclusive simulated samples55

are used to determine the pollution by possible background processes. In the simulation,56

pp collisions are generated using Pythia [17] with a specific LHCb configuration [18].57

Decays of hadronic particles are described by EvtGen [19], in which final-state radiation58

is generated using Photos [20]. The interaction of the generated particles with the59

detector, and its response, are implemented using the Geant4 toolkit [21] as described60

in Ref. [22]. Data-driven corrections are applied to the simulated samples to account for61

small mismodelling of particle identification performance, B0

s transverse momentum and62

2

Very similar to B0 →  K*0 µµ:   

Today: update with full Run1 dataset ( 3fb-1 ): 
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Figure 3: Di↵erential branching fraction dB(B0

s

! �µ+µ�)/dq2. Error bars include both
statistical and systematic uncertainties added in quadrature. Shaded areas indicate the vetoed
regions containing the J/ and  (2S) resonances. The solid curve shows the leading order SM
prediction, scaled to the fitted total branching fraction. The prediction uses the SM Wilson
coe�cients and leading order amplitudes given in Ref. [2], as well as the form factor calculations
in Ref. [16]. B0

s

mixing is included as described in Ref. [1]. No error band is given for the theory
prediction. The dashed curve denotes the leading order prediction scaled to a total branching
fraction of 16⇥ 10�7 [18].

Many of the systematic uncertainties a↵ect the relative e�ciencies ✏
J/ �

/✏
�µ

+
µ

� that
are determined using simulation. The limited size of the simulated samples causes an
uncertainty of ⇠ 1% on the ratio in each bin. Simulated events are corrected for known
discrepancies between simulation and data. The systematic uncertainties associated with
these corrections (e.g. tracking e�ciency and performance of the particle identification)
are typically of the order of 1–2%. The correction procedure for the impact parameter
resolution has an e↵ect of up to 5%. Averaging the relative e�ciency within the q2 bins
leads to a systematic uncertainty of 1–2%. Other systematic uncertainties of the same
magnitude include the trigger e�ciency and the uncertainties of the angular distributions
of the signal decay B0

s

! �µ+µ�. The influence of the signal mass shape is found to be
0.5%. The background shape has an e↵ect of up to 5%, which is evaluated by using a
linear function to describe the mass distribution of the background instead of the nominal
exponential shape. Peaking backgrounds cause a systematic uncertainty of 1–2% on the
di↵erential branching fraction. The size of the systematics uncertainties on the di↵erential
branching fraction, added in quadrature, ranges from 4–6%. This is small compared to the
dominant systematic uncertainty of 10% due to the branching fraction of the normalisation
channel, which is given separately in Table 1, and the statistical uncertainty.

7

1fb-1 analysis showed tension to SM predictions:  

J. Phys. G29 (2003) 1103 
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Figure 2: Invariant mass of the K+K�µ+µ� system versus q2. The signal decay B0

s ! �µ+µ�

is clearly visible inside the dashed vertical lines ±50MeV/c2 around the fitted B0

s mass. The
horizontal lines denote the charmonium regions, where the tree-level decays B0

s ! J/ � and
B0

s !  (2S)� dominate.

muon mass hypothesis, is within 45MeV/c2 of the known J/ mass, unless the final-state101

particles fulfill stringent particle identification requirements. After this veto is applied,102

the background contribution is found to be negligible.103

The rare baryonic decay ⇤0

b ! ⇤(1520)(! pK

�)µ+

µ

� can mimic the signal decay if104

the proton in the final state is misidentified as a kaon. This potential background is vetoed105

by rejecting events with invariant mass close to the known ⇤0

b baryon mass, when one106

kaon is reconstructed under the proton mass hypothesis, unless the kaon passes stringent107

particle identification requirements. A yield of 2.0± 0.8 ⇤0

b! ⇤(1520)µ+

µ

� background108

events is expected in the signal region after the veto. The rare decay B

0! K

⇤0
µ

+

µ

� can109

be a peaking background if the pion in the final state is reconstructed as kaon. After110

suppressing this background using particle identification information, a yield of 1.7± 0.4111

events is expected in the signal region. The background pollution from ⇤

0

b! ⇤(1520)µ+

µ

�
112

and B

0! K

⇤0
µ

+

µ

� decays is neglected in the fit and treated as a systematic uncertainty.113

Backgrounds from semileptonic b ! c(! sµ

�
⌫̄µ)µ+

⌫µ cascade decays and fully hadronic114

decays such as B0

s ! D

+

s (! K

+

K

�
⇡

+)⇡�, where hadrons are misidentified as muons, are115

found to be negligible.116
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Figure 3: Invariant K+K�µ+µ� mass distribution for (left) B0

s ! �µ+µ� signal decays, inte-
grated over the q2 bins used, and for (right) the control mode B0

s ! J/ �. The signal component
is given by the solid blue, the background component by the shaded red area.

Table 1: B0

s ! �µ+µ� signal yields, as well as the di↵erential branching fraction relative to the
normalisation mode and the absolute di↵erential branching fraction, in bins of q2.

q2 bin [GeV2/c4] N�µµ
dB(B0

s!�µµ)
B(B0

s!J/ �)dq2 [10�5GeV�2c4] dB(B0
s!�µ+µ�

)

dq2 [10�8GeV�2c4]

0.1 < q2 < 2.0 85.1+10.6
�10.0 5.43+0.68

�0.64 ± 0.09 5.85+0.73
�0.69 ± 0.10± 0.44

2.0 < q2 < 5.0 59.5+9.8
�9.2 2.38+0.39

�0.37 ± 0.04 2.56+0.42
�0.39 ± 0.05± 0.19

5.0 < q2 < 8.0 82.6+11.5
�10.9 2.98+0.41

�0.39 ± 0.06 3.20+0.44
�0.42 ± 0.06± 0.24

11.0 < q2 < 12.5 70.5+10.4
�9.8 4.38+0.64

�0.61 ± 0.12 4.72+0.69
�0.65 ± 0.13± 0.36

15.0 < q2 < 17.0 83.0+10.4
�9.9 4.19+0.53

�0.50 ± 0.09 4.51+0.57
�0.54 ± 0.10± 0.34

17.0 < q2 < 19.0 54.2+7.8
�7.4 3.68+0.53

�0.50 ± 0.11 3.96+0.57
�0.54 ± 0.12± 0.30

1.0 < q2 < 6.0 100.9+12.8
�12.2 2.40+0.30

�0.29 ± 0.06 2.58+0.33
�0.31 ± 0.07± 0.19

15.0 < q2 < 19.0 135.4+13.2
�12.7 3.75+0.37

�0.35 ± 0.10 4.04+0.39
�0.38 ± 0.11± 0.30

simulation. To evaluate the size of these e↵ects, the e�ciency ratio is recalculated after150

applying the corresponding systematic variation to the simulated samples. The observed151

deviation is taken as systematic uncertainty. The procedure to correct the tracking152

e�ciency in simulation introduces a systematic uncertainty on the e�ciency ratio of153

less than 0.6%. The correction to particle identification performance in simulation has a154

systematic uncertainty of 0.5%. The relative e�ciency is further a↵ected by the data-driven155

corrections for data vs. simulation di↵erences in the distribution of the variables p
T

(B0

s )156

and �

2

Vtx

(B0

s ), as well as track multiplicity, which together have a systematic e↵ect of157

1.0%. The non-flat angular acceptance detailed in Sec. 5 introduces a dependence of the158

signal e�ciency on the underlying physics model. This e↵ect on the branching fraction159

measurements is evaluated by varying the Wilson coe�cients used in the generation of160
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Figure 3: Invariant K+K�µ+µ� mass distribution for (left) B0

s ! �µ+µ� signal decays, inte-
grated over the q2 bins used, and for (right) the control mode B0

s ! J/ �. The signal component
is given by the solid blue, the background component by the shaded red area.

Table 1: B0

s ! �µ+µ� signal yields, as well as the di↵erential branching fraction relative to the
normalisation mode and the absolute di↵erential branching fraction, in bins of q2.

q2 bin [GeV2/c4] N�µµ
dB(B0

s!�µµ)
B(B0

s!J/ �)dq2 [10�5GeV�2c4] dB(B0
s!�µ+µ�

)

dq2 [10�8GeV�2c4]

0.1 < q2 < 2.0 85.1+10.6
�10.0 5.43+0.68

�0.64 ± 0.09 5.85+0.73
�0.69 ± 0.10± 0.44

2.0 < q2 < 5.0 59.5+9.8
�9.2 2.38+0.39

�0.37 ± 0.04 2.56+0.42
�0.39 ± 0.05± 0.19

5.0 < q2 < 8.0 82.6+11.5
�10.9 2.98+0.41

�0.39 ± 0.06 3.20+0.44
�0.42 ± 0.06± 0.24

11.0 < q2 < 12.5 70.5+10.4
�9.8 4.38+0.64

�0.61 ± 0.12 4.72+0.69
�0.65 ± 0.13± 0.36

15.0 < q2 < 17.0 83.0+10.4
�9.9 4.19+0.53

�0.50 ± 0.09 4.51+0.57
�0.54 ± 0.10± 0.34

17.0 < q2 < 19.0 54.2+7.8
�7.4 3.68+0.53

�0.50 ± 0.11 3.96+0.57
�0.54 ± 0.12± 0.30

1.0 < q2 < 6.0 100.9+12.8
�12.2 2.40+0.30

�0.29 ± 0.06 2.58+0.33
�0.31 ± 0.07± 0.19

15.0 < q2 < 19.0 135.4+13.2
�12.7 3.75+0.37

�0.35 ± 0.10 4.04+0.39
�0.38 ± 0.11± 0.30

simulation. To evaluate the size of these e↵ects, the e�ciency ratio is recalculated after150

applying the corresponding systematic variation to the simulated samples. The observed151

deviation is taken as systematic uncertainty. The procedure to correct the tracking152

e�ciency in simulation introduces a systematic uncertainty on the e�ciency ratio of153

less than 0.6%. The correction to particle identification performance in simulation has a154

systematic uncertainty of 0.5%. The relative e�ciency is further a↵ected by the data-driven155

corrections for data vs. simulation di↵erences in the distribution of the variables p
T

(B0

s )156

and �

2

Vtx

(B0

s ), as well as track multiplicity, which together have a systematic e↵ect of157

1.0%. The non-flat angular acceptance detailed in Sec. 5 introduces a dependence of the158

signal e�ciency on the underlying physics model. This e↵ect on the branching fraction159

measurements is evaluated by varying the Wilson coe�cients used in the generation of160
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Figure 2: Invariant mass of the K+K�µ+µ� system versus q2. The signal decay B0

s ! �µ+µ�

is clearly visible inside the dashed vertical lines ±50MeV/c2 around the fitted B0

s mass. The
horizontal lines denote the charmonium regions, where the tree-level decays B0

s ! J/ � and
B0

s !  (2S)� dominate.

muon mass hypothesis, is within 45MeV/c2 of the known J/ mass, unless the final-state101

particles fulfill stringent particle identification requirements. After this veto is applied,102

the background contribution is found to be negligible.103
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µ
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Figure 3: Invariant K+K�µ+µ� mass distribution for (left) B0

s ! �µ+µ� signal decays, inte-
grated over the q2 bins used, and for (right) the control mode B0

s ! J/ �. The signal component
is given by the solid blue, the background component by the shaded red area.

Table 1: B0

s ! �µ+µ� signal yields, as well as the di↵erential branching fraction relative to the
normalisation mode and the absolute di↵erential branching fraction, in bins of q2.

q2 bin [GeV2/c4] N�µµ
dB(B0

s!�µµ)
B(B0

s!J/ �)dq2 [10�5GeV�2c4] dB(B0
s!�µ+µ�

)

dq2 [10�8GeV�2c4]

0.1 < q2 < 2.0 85.1+10.6
�10.0 5.43+0.68

�0.64 ± 0.09 5.85+0.73
�0.69 ± 0.10± 0.44

2.0 < q2 < 5.0 59.5+9.8
�9.2 2.38+0.39

�0.37 ± 0.04 2.56+0.42
�0.39 ± 0.05± 0.19

5.0 < q2 < 8.0 82.6+11.5
�10.9 2.98+0.41

�0.39 ± 0.06 3.20+0.44
�0.42 ± 0.06± 0.24

11.0 < q2 < 12.5 70.5+10.4
�9.8 4.38+0.64

�0.61 ± 0.12 4.72+0.69
�0.65 ± 0.13± 0.36

15.0 < q2 < 17.0 83.0+10.4
�9.9 4.19+0.53

�0.50 ± 0.09 4.51+0.57
�0.54 ± 0.10± 0.34

17.0 < q2 < 19.0 54.2+7.8
�7.4 3.68+0.53

�0.50 ± 0.11 3.96+0.57
�0.54 ± 0.12± 0.30

1.0 < q2 < 6.0 100.9+12.8
�12.2 2.40+0.30

�0.29 ± 0.06 2.58+0.33
�0.31 ± 0.07± 0.19

15.0 < q2 < 19.0 135.4+13.2
�12.7 3.75+0.37

�0.35 ± 0.10 4.04+0.39
�0.38 ± 0.11± 0.30

simulation. To evaluate the size of these e↵ects, the e�ciency ratio is recalculated after150

applying the corresponding systematic variation to the simulated samples. The observed151

deviation is taken as systematic uncertainty. The procedure to correct the tracking152

e�ciency in simulation introduces a systematic uncertainty on the e�ciency ratio of153

less than 0.6%. The correction to particle identification performance in simulation has a154

systematic uncertainty of 0.5%. The relative e�ciency is further a↵ected by the data-driven155

corrections for data vs. simulation di↵erences in the distribution of the variables p
T

(B0

s )156

and �

2

Vtx

(B0

s ), as well as track multiplicity, which together have a systematic e↵ect of157

1.0%. The non-flat angular acceptance detailed in Sec. 5 introduces a dependence of the158

signal e�ciency on the underlying physics model. This e↵ect on the branching fraction159

measurements is evaluated by varying the Wilson coe�cients used in the generation of160
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simulation. To evaluate the size of these e↵ects, the e�ciency ratio is recalculated after150

applying the corresponding systematic variation to the simulated samples. The observed151

deviation is taken as systematic uncertainty. The procedure to correct the tracking152

e�ciency in simulation introduces a systematic uncertainty on the e�ciency ratio of153

less than 0.6%. The correction to particle identification performance in simulation has a154

systematic uncertainty of 0.5%. The relative e�ciency is further a↵ected by the data-driven155

corrections for data vs. simulation di↵erences in the distribution of the variables p
T

(B0

s )156

and �

2

Vtx
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s ), as well as track multiplicity, which together have a systematic e↵ect of157

1.0%. The non-flat angular acceptance detailed in Sec. 5 introduces a dependence of the158

signal e�ciency on the underlying physics model. This e↵ect on the branching fraction159

measurements is evaluated by varying the Wilson coe�cients used in the generation of160
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Figure 5: Di↵erential branching fraction of the decay B0

s

! �µ+µ�, overlayed with SM predic-
tions [4, 5] indicated by blue shaded boxes.

events and is found to be less than 1.6%. The statistical uncertainty due to the limited163

size of the simulated signal samples leads to a systematic uncertainty of 1.9%.164

The systematic uncertainties due to parametrisation of the mass shapes are evaluated165

using pseudoexperiments. For the signal mass model, events are generated using a simple166

double Gaussian mass shape. They are then fitted using both the double Gaussian as well167

as the nominal signal mass shape, taking the observed deviation as systematic uncertainty.168

For the parametrisation of the combinatorial background, the nominal exponential is169

compared with a linear mass model. The systematic uncertainty due to the modeling of the170

signal and background mass shape are 2.1% and 1.6%, respectively. Peaking backgrounds171

are neglected in the fit for determination of the signal yields. The main sources of172

systematic uncertainty are caused by contributions from the decays ⇤0

b

! pK

�
µ

+

µ

� and173

B

0 ! K

⇤0
µ

+

µ

�, resulting in systematic uncertainties of 0.23� 2.19%, depending on the q2174

bin. Finally, the uncertainty of the branching fraction of the decay J/ ! µ

+

µ

� amounts175

to a systematic uncertainty of 0.6%. Table 2 shows the systematic uncertainties assigned176

as described above.177

For the total branching fraction of the signal decay, the uncertainty on the branching178

fraction of the normalisation channel is the dominant systematic uncertainty at 7.5% [28,29].179

The uncertainty on the correction factor f
veto

to account for signal events that are rejected180

by the charmonium vetos is estimated by varying the Wilson coe�cients and form-factor181

parameters leading to a systematic uncertainty of 2.9%.182
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4 Di↵erential branching fraction117

Figure 3 gives the K

+

K

�
µ

+

µ

� invariant mass distribution for the B

0

s ! �µ

+

µ

� signal118

decay integrated over q2, as well as for the control mode B

0

s ! J/ �. To determine the119

B

0

s ! �µ

+

µ

� signal yields in bins of q2, extended maximum likelihood fits are performed.120

The combinatorial background is described by an exponential, whilst the signal component121

is given by the sum of two Gaussian functions with common mean and a power-law tail on122

the left-hand side. The parameters describing the signal mass shape are determined from123

a fit to the B

0

s ! J/ � control mode. Dependence of the resolution parameters on q

2 are124

accounted for by using scale factors which are determined from simulation. Figure 4 shows125

the m(K+

K

�
µ

+

µ

�) distributions for the signal decay in bins of q2. The corresponding126

yields are given in Tab. 1. Integrating over the q

2 bins, the signal yield is found to be127

432± 24. A fit to the control mode B

0

s ! J/ �, which is used for normalisation, yields128

NJ/ � = 62 033± 260 events.129

The di↵erential branching fraction for a given q

2 bin [q2
min

, q

2

max

] is130

dB(B0

s ! �µ

+

µ

�)

dq2
=

1

q

2

max

� q

2

min

N�µµ

NJ/ �

✏J/ �

✏�µµ
B(B0

s ! J/ �)B(J/ ! µ

+

µ

�), (2)

where N�µµ and NJ/ � denote the yield of the signal and normalisation mode, and ✏�µµ131

and ✏J/ � their respective e�ciencies. The branching fractions are given by B(J/ !132

µ

+

µ

�) = (5.61± 0.33)⇥ 10�2 [23] and B(B0

s ! J/ �) = (10.76± 0.81)⇥ 10�4. For the133

branching fraction of the normalisation channel B0

s ! J/ � the LHCb measurement [26] is134

updated with a recent measurement of fs/fd = 0.259± 0.015 [27] and combined with the135

measurements by Belle [28] and CDF [29] in a weighted average procedure. The resulting136

relative and absolute di↵erential branching fractions are given in Tab. 1. The di↵erential137

branching fraction is also shown in Fig. 5, overlayed with SM predictions from Ref. [3].138

The total branching fraction of the signal decay is given by the sum over the six q

2

139

bins. To account for the fraction of signal events rejected by the charmonium vetos, a140

correction factor f
veto

= 1.520± 0.003± 0.043 is applied, which is determined using the141

calculation in Ref. [?] with updated form factors from Ref. [30]. The resulting relative and142

total branching fractions are143

B(B0

s ! �µ

+

µ

�)

B(B0

s ! J/ �)
= (7.40+0.42

�0.40 ± 0.16± 0.21)⇥ 10�4

,

B(B0

s ! �µ

+

µ

�) = (7.97+0.45
�0.43 ± 0.18± 0.23± 0.60)⇥ 10�7

,

where the uncertainties are statistical, systematic, due to the extrapolation for the full q2144

region, and, for the total branching fraction, from the uncertainty of the normalisation145

mode.146

4.1 Systematic uncertainties147

For the branching fraction ratio B(B0

s ! �µ

+

µ

�)/B(B0

s ! J/ �), systematic uncertainties148

are mostly due to uncertainties on the e�ciency ratio ✏J/ �/✏�µµ, which is taken from149
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events and is found to be less than 1.6%. The statistical uncertainty due to the limited163

size of the simulated signal samples leads to a systematic uncertainty of 1.9%.164

The systematic uncertainties due to parametrisation of the mass shapes are evaluated165

using pseudoexperiments. For the signal mass model, events are generated using a simple166

double Gaussian mass shape. They are then fitted using both the double Gaussian as well167

as the nominal signal mass shape, taking the observed deviation as systematic uncertainty.168

For the parametrisation of the combinatorial background, the nominal exponential is169

compared with a linear mass model. The systematic uncertainty due to the modeling of the170

signal and background mass shape are 2.1% and 1.6%, respectively. Peaking backgrounds171
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as described above.177

For the total branching fraction of the signal decay, the uncertainty on the branching178

fraction of the normalisation channel is the dominant systematic uncertainty at 7.5% [28,29].179

The uncertainty on the correction factor f
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to account for signal events that are rejected180

by the charmonium vetos is estimated by varying the Wilson coe�cients and form-factor181

parameters leading to a systematic uncertainty of 2.9%.182
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a fit to the B
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measurements by Belle [28] and CDF [29] in a weighted average procedure. The resulting136

relative and absolute di↵erential branching fractions are given in Tab. 1. The di↵erential137

branching fraction is also shown in Fig. 5, overlayed with SM predictions from Ref. [3].138

The total branching fraction of the signal decay is given by the sum over the six q
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bins. To account for the fraction of signal events rejected by the charmonium vetos, a140
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= 1.520± 0.003± 0.043 is applied, which is determined using the141
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mode.146

4.1 Systematic uncertainties147
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Figure 8: One-dimensional projections of the fit to the angles cos ✓
l

, cos ✓
K

, � in bins of q2. The
signal component is shown by the solid blue, the background component by the shaded red area.

15

Angular analysis of Bs → ϕ µµ  
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1 Introduction1

The decay B

0

s ! �µ

+

µ

� is mediated by a b ! s flavour changing neutral current (FCNC)2

transition. In the Standard Model (SM) it is forbidden at tree-level and proceeds via3

loop-order diagrams as shown in Fig. 1. In extensions of the SM, new heavy particles can4

appear in competing diagrams and a↵ect both the branching fraction of the decay, as well5

as the angular distributions of the final-state particles.6

This decay channel was first observed and studied by the CDF collaboration [?,?]. The7

LHCb collaboration studied the decay using data collected during 2011, corresponding to8

an integrated luminosity of 1 fb�1 [1]. While the angular distributions were found to be in9

good agreement with the SM expectations, the measured branching fraction exhibited a10

tension with the SM prediction at the level of 3.1 � [2, 3]. A similar trend is also seen for11

the branching fractions of other b ! sµ

+

µ

� processes, which tend to be lower than SM12

predictions [4–6].13

This paper presents an updated analysis of the decay B

0

s ! �µ

+

µ

� using the full data14

sample taken by LHCb during Run I, corresponding to an integrated luminosity of 3 fb�1.15

The di↵erential branching fraction dB(B0

s ! �µ

+

µ

�)/dq2 is determined in bins of the16

invariant mass squared of the dimuon system, q2. In addition, a three-dimensional angular17

analysis in cos ✓l, cos ✓K and � is performed in bins of q2. Here, the angle ✓K (✓l) denotes18

the angle of the K

� (µ�) with respect to the direction of flight of the B

0

s meson in the19

K

+

K

� (µ+

µ

�) centre-of-mass frame, and � denotes the relative angle of the µ

+

µ

� and20

the K+

K

� decay planes in the B0

s meson centre-of-mass frame. Compared to the previous21

fit of the one-dimensional projections of the decay angles [1], the full three-dimensional22

angular fit allows to access more angular observables with better sensitivity.23

The decay B

0

s ! �µ

+

µ

� is closely related to the decay B

0 ! K

⇤0
µ

+

µ

� which has24

been studied extensively by LHCb [4, 7, 8]. Although B

0

s production is suppressed by25

the fragmentation fraction ratio fs/fd ⇠ 1/4, the narrow � resonance allows a clean26

selection with low background levels. Furthermore, the contribution from the the S-wave,27

where the K

+

K

� system is in a spin-0 configuration, is expected to be low. Since the28

K

+

K

�
µ

+

µ

� final state is not flavour-specific, the angular observables accessible in the29

decay B

0

s ! �µ

+

µ

� are the CP-averages F

L

, S
3,4,7 and the CP-asymmetries A

5,6,8,9 [9].30

The flavour-averaged di↵erential decay rate, as a function of the decay angles in bins of q2,31

is given by32

1

d�/dq2
d3�

d cos ✓l d cos ✓K d�
=

9

32⇡

⇥
3

4

(1� F

L

) sin2

✓K + F

L

cos2 ✓K

+ 1

4

(1� F

L

) sin2

✓K cos 2✓l � F

L

cos2 ✓K cos 2✓l
+ S

3

sin2

✓K sin2

✓l cos 2�+ S

4

sin 2✓K sin 2✓l cos�

+ A

5

sin 2✓K sin ✓l cos�+ A

s
6

sin2

✓K cos ✓l
+ S

7

sin 2✓K sin ✓l sin�+ A

8

sin 2✓K sin 2✓l sin�

+ A

9

sin2

✓K sin2

✓l sin 2�
⇤
. (1)

Of particular interest are the T-odd CP-asymmetries A
8

and A

9

which are predicted to be33

1

Angular observables extracted from 4d unbinned maximum likelihood fit: 

KK µµ is not a flavour-specific final state: 
→  observables:  
      CP-averages and CP-asymmetries 

angular acceptance parameterized in 4d using using Legendre coefficients: 

Table 2: Systematic uncertainties of the branching fraction ratio dB(B0

s ! �µ+µ�)/B(B0

s !
J/ �)dq2.

Uncertainty [10�5GeV�2c4]

Systematic [0.1, 2] [2, 5] [5, 8] [11, 12.5] [15, 17] [17, 19] [1, 6] [15, 17]

Peaking bkg. 0.03 0.02 0.02 0.10 0.02 0.01 0.02 0.01

Simulation corr. 0.01 0.01 0.01 0.01 0.05 0.04 0.00 0.04

Angular model 0.04 0.00 0.01 0.00 0.01 0.06 0.00 0.01

E�ciency ratio 0.06 0.03 0.03 0.06 0.06 0.07 0.02 0.04

B (J/ !µ+µ�) 0.03 0.01 0.02 0.02 0.02 0.02 0.01 0.02

Signal mass model 0.02 0.01 0.03 0.03 0.03 0.00 0.05 0.05

Bkg. mass model 0.02 0.02 0.02 0.02 0.03 0.05 0.01 0.06

Quadratic sum 0.09 0.04 0.06 0.12 0.09 0.11 0.06 0.10

m(K+

K

�
µ

+

µ

�). The angular distribution of the signal component is given by Eq. 1. The187

angular background distribution is described by the product of second-order Chebyshev188

polynomials in the three decay angles.189

The reconstruction, triggering and selection of signal candidates distorts the angular190

distributions of the final-state particles as well as the q

2 distribution. This acceptance191

e↵ect is parametrized using Legendre polynomials, according to192

✏(cos ✓l, cos ✓K ,�, q
2) =

X

klmn

cklmnPk(cos ✓l)Pl(cos ✓K)Pm(�)Pn(q
2), (3)

where Pi(x) denote Legendre polynomials of order i and cklmn the coe�cients which193

are determined by performing a moments analysis using a large sample of simulated194

B

0

s ! �µ

+

µ

� signal events generated according to a phase-space model. The maximum195

order of the polynomials that are included is four for cos ✓l, two for cos ✓K , six for the angle196

� and five for q2. In addition, the acceptance is assumed to be symmetric in the decay197

angles. The acceptance description is cross-checked using the control mode B

0

s ! J/ �.198

An angular analysis of the control mode is performed and the angular observables are199

found to be in good agreement with the previous measurement [31].200

Appendix A displays the one-dimensional angular distribution of the signal decay201

in each q

2 bin, overlayed with the projections of the likelihood fit. At low statistics,202

pseudoexperiments show the likelihood estimator to be biased for certain observables203

and q

2 bins due to border e↵ects. Therefore the Feldman-Cousins method [32] is used204

to determine the confidence regions. Nuisance parameters are treated with the plugin-205

method [33]. The Feldman-Cousins scans for the angular observables in bins of q2 are206

displayed in App. B. Table 3 gives the corresponding minima and 68% confidence intervals.207

The linear correlations between the angular observables in the di↵erent q2 bins are given208

9

Feldman-Cousins method to ensure correct coverage with low statistics 
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Angular analysis of Bs → ϕ µµ  

C. Linn (CERN) | EW penguin decays 

theory prediction: arXiv:1503.05534,  S7 zero in SM  

FPCP 2015, Nagoya 
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Figure 6: CP-averaged angular observables F
L

and S
3,4,7

and CP-asymmetries A
5,6,8,9

shown by
black dots, overlayed with SM predictions [4, 5] indicated as blue shaded boxes.
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Systematic uncertainties evaluated with pseudo-experiments: 
!  Dominated by background model choice 
!  Angular acceptance affected by limited statistics of simulated sample 
!  S-wave pollution estimated by simulating 1.1% S-wave component 

In general measurement is 
dominated by statistical 
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Angular analysis of Bs → ϕ µµ  

C. Linn (CERN) | EW penguin decays 

all CP-asymmetries are zero in SM  → consistent with measurement   
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LHCb-PAPER-2015-023 

Systematic uncertainties evaluated with pseudo-experiments: 
!  Dominated by background model choice 
!  Angular acceptance affected by limited statistics of simulated sample 
!  S-wave pollution estimated by simulating 1.1% S-wave component 

In general measurement is 
dominated by statistical 

In agreement with SM

LH
C

B-
PA

PE
R

-2
01

5-
02

3

SM: arXiv:1503.05534 
(if  no band: SM prediction is zerol)



B(s)→µµ

 LHCb B(s)→µµ search 
Very rare decay, SM helicity suppressed 

Very sensible to presence of new scalar (C10, Cs, CP) 

Precise SM prediction

21

2

0

3

,

tan

A

MSSM

PS

M

m
C

!"
#

• In generic 2HDM-II (where different Higgs fields contribute to u(d)-quarks), the BR is 

proportional to  tan4!, (the ratio of Higgses vacuum expectations values):

• In the MSSM (with R-parity), diagrams including charginos has a higher dependence 

with tan! than the 2HDM, and the BR is proportional to tan6!:

Thursday, August 26, 2010 12Frederic Teubert

Rare decays: Bs ! ""

with "q = mq/mb << 1 and m"/mB << 1. Hence if CS,P are of 

the same order of magnitude than CA they dominate by far.

! This decay is very sensitive to New Physics with new scalar and/or pseudoscalar
interactions.  

! Highly interesting to probe models with extended Higgs sector!

B0
s ! µ+µ� and B0 ! µ+µ�

B0 and B0
s ! µ+µ� are loop, CKM and

helicity suppressed in the SM.

Sensitive probe of models with reduced
helicity suppression
e.g. models with extended Higgs sectors
(e.g. MSSM, 2HDM, . . . )

Predicted precisely in the SM:

B(B0
s ! µ+µ�) = (3.65 ± 0.23) ⇥ 10�9

[Bobeth et al. PRL 112 101801 (2014)]

B0 ! µ+µ� decay suppressed by further
factor of |Vtd/Vts |2. An important test of the
MFV hypothesis.

Motivation: Search for New Physics
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• Decays highly suppressed in Standard Model (Buras 2010)

� effective FCNC, helicity suppression

� SM expectation:

B(B0

s � µ+µ�
) = (3.2 ± 0.2) � 10

�9

B(B0 � µ+µ�
) = (1.0 ± 0.1) � 10

�10

� Cabibbo-enhancement (|Vts| > |Vtd|)
of B0

s ! µ+µ� over B0 ! µ+µ�

only in MFV models

• Sensitivity to new physics
� 2HDM: B � (tan �)

4, mH+; MSSM: B � (tan �)

6

� sensitivity to extended Higgs boson sectors

� Constraints on parameter regions

• B0

s ! µ+µ� (and B0 ! µ+µ�) considered as golden channel(s)
� high sensitivity to new physics

� (very) small theoretical uncertainties

� comparable in sensitivity to µ ! e�, B ! X⌫⌫̄

Urs Langenegger Search for B0

s � µ+µ� and B0 � µ+µ� in CMS (2012/02/28) 2
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s
)
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Bobeth et al. PRL 112 101801 (2014)

T. Blake Rare B decays 3 / 32

B →  µ+ µ- from LHCb and CMS 

C. Linn (CERN) | EW penguin decays 

]2
c [MeV/−

µ+µ
m

5000 5500

)
2

c
C

an
d
id

at
es

 /
 (

4
4
 M

eV
/

0

2

4

6

8

10

12

14

16

LHCb

BDT>0.7
-13 fb

Figure 2: Invariant mass distribution of the selected B0
(s) !

µ+µ� candidates (black dots) with BDT > 0.7. The result
of the fit is overlaid (blue solid line) and the di↵erent
components detailed: B0

s

! µ+µ� (red long dashed line),
B0 ! µ+µ� (green medium dashed line), combinatorial
background (blue medium dashed line), B0

(s) ! h+h0�

(magenta dotted line), B0(+) ! ⇡0(+)µ+µ� (light blue dot-
dashed line), B0 ! ⇡�µ+⌫

µ

and B0
s

! K�µ+⌫
µ

(black
dot-dashed line).

with a significance of 4.0 standard deviations (�), while
the significance of the B0 ! µ+µ� signal is 2.0�.
These significances are determined from the change
in likelihood from fits with and without the signal
component. The median significance expected for a
SM B0

s ! µ+µ� signal is 5.0�.
The simultaneous unbinned maximum-likelihood fit

results in

B(B0

s ! µ+µ�)= (2.9+1.1
�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The

correlation between the branching fractions parame-
ters of both decay modes is +3.3%. The values of the
B0

(s) ! µ+µ� branching fractions obtained from the fit
are in agreement with the SM expectations. The invari-
ant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

As no significant excess of B0 ! µ+µ� events
is found, a modified frequentist approach, the CL

s

method [38] is used, to set an upper limit on the
branching fraction. The method provides CL

s+b

, a
measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CL

b

,
a measure of the compatibility with the background-
only hypothesis, and CL

s

= CL
s+b

/CL
b

. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CL

s

. The
expected and observed upper limits for the B0 ! µ+µ�

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10
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Figure 2: Left, scan of the ratio of the joint likelihood for B(B0
s ! µ+µ�) and B(B0 ! µ+µ�).

As insets, the likelihood ratio scan for each of the branching fractions when the other is pro-
filed together with other nuisance parameters; the significance at which the background-only
hypothesis is rejected is also shown. Right, observed and expected CLS for B0 ! µ+µ� as a
function of the assumed branching fraction.
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Figure 3: Plots illustrating the combination of all categories used in the categorized-BDT
method (left) and the 1D-BDT method (right). For these plots, the individual categories are
weighted with S/(S + B), where S (B) is the signal (background) determined at the B0

s peak
position. The overall normalization is set such that the fitted B0

s signal corresponds to the total
yield of the individual contributions. These distributions are for illustrative purposes only and
were not used in obtaining the final results.

rare B → µµ decays are loop, CKM and helicity suppressed in SM  
→ golden channel for C10 and pseudo-scalar operators  
     ( probes models like e.g. 2HDM, MSSM, … ) 
 
Precise theoretical predictions:  
 

         Bobeth et al, PRL 112 (2014) 101801  

 
Measured by both LHCb and CMS with full Run 1 dataset:  

 PRL 111 (2013) 101805 
 PRL 111 (2013) 101804 

Name Autor | Ort und Datum

Motivation – Why BÆµµ in the first place

Maximilian Schlupp, BÆµµ @ the LHC, Kruger 2014 63rd December 2014

• Time integrated branching fraction predictions

• Ratio of branching fractions powerful to discriminate between NP models 
(Minimal Flavour Violation) & precisely predicted within the SM

Bobeth et al., PRL 112(2014) 101801*

arXiv:1403.4427 [hep-ex]

*updated with latest top quark mass 
measurement (Tevatron & LHC)
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B0
s ! µ+µ� and B0 ! µ+µ�

B0 and B0
s ! µ+µ� are loop, CKM and

helicity suppressed in the SM.

Sensitive probe of models with reduced
helicity suppression
e.g. models with extended Higgs sectors
(e.g. MSSM, 2HDM, . . . )

Predicted precisely in the SM:

B(B0
s ! µ+µ�) = (3.65 ± 0.23) ⇥ 10�9

[Bobeth et al. PRL 112 101801 (2014)]

B0 ! µ+µ� decay suppressed by further
factor of |Vtd/Vts |2. An important test of the
MFV hypothesis.

Motivation: Search for New Physics
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• Decays highly suppressed in Standard Model (Buras 2010)

� effective FCNC, helicity suppression

� SM expectation:

B(B0

s � µ+µ�
) = (3.2 ± 0.2) � 10

�9

B(B0 � µ+µ�
) = (1.0 ± 0.1) � 10

�10

� Cabibbo-enhancement (|Vts| > |Vtd|)
of B0

s ! µ+µ� over B0 ! µ+µ�

only in MFV models

• Sensitivity to new physics
� 2HDM: B � (tan �)

4, mH+; MSSM: B � (tan �)

6

� sensitivity to extended Higgs boson sectors

� Constraints on parameter regions

• B0

s ! µ+µ� (and B0 ! µ+µ�) considered as golden channel(s)
� high sensitivity to new physics

� (very) small theoretical uncertainties

� comparable in sensitivity to µ ! e�, B ! X⌫⌫̄

Urs Langenegger Search for B0

s � µ+µ� and B0 � µ+µ� in CMS (2012/02/28) 2
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B →  µ+ µ- from LHCb and CMS 

C. Linn (CERN) | EW penguin decays 
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Figure 2: Invariant mass distribution of the selected B0
(s) !

µ+µ� candidates (black dots) with BDT > 0.7. The result
of the fit is overlaid (blue solid line) and the di↵erent
components detailed: B0

s

! µ+µ� (red long dashed line),
B0 ! µ+µ� (green medium dashed line), combinatorial
background (blue medium dashed line), B0

(s) ! h+h0�

(magenta dotted line), B0(+) ! ⇡0(+)µ+µ� (light blue dot-
dashed line), B0 ! ⇡�µ+⌫

µ

and B0
s

! K�µ+⌫
µ

(black
dot-dashed line).

with a significance of 4.0 standard deviations (�), while
the significance of the B0 ! µ+µ� signal is 2.0�.
These significances are determined from the change
in likelihood from fits with and without the signal
component. The median significance expected for a
SM B0

s ! µ+µ� signal is 5.0�.
The simultaneous unbinned maximum-likelihood fit

results in

B(B0

s ! µ+µ�)= (2.9+1.1
�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The

correlation between the branching fractions parame-
ters of both decay modes is +3.3%. The values of the
B0

(s) ! µ+µ� branching fractions obtained from the fit
are in agreement with the SM expectations. The invari-
ant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

As no significant excess of B0 ! µ+µ� events
is found, a modified frequentist approach, the CL

s

method [38] is used, to set an upper limit on the
branching fraction. The method provides CL

s+b

, a
measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CL

b

,
a measure of the compatibility with the background-
only hypothesis, and CL

s

= CL
s+b

/CL
b

. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CL

s

. The
expected and observed upper limits for the B0 ! µ+µ�

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10
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Figure 2: Left, scan of the ratio of the joint likelihood for B(B0
s ! µ+µ�) and B(B0 ! µ+µ�).

As insets, the likelihood ratio scan for each of the branching fractions when the other is pro-
filed together with other nuisance parameters; the significance at which the background-only
hypothesis is rejected is also shown. Right, observed and expected CLS for B0 ! µ+µ� as a
function of the assumed branching fraction.
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Figure 3: Plots illustrating the combination of all categories used in the categorized-BDT
method (left) and the 1D-BDT method (right). For these plots, the individual categories are
weighted with S/(S + B), where S (B) is the signal (background) determined at the B0

s peak
position. The overall normalization is set such that the fitted B0

s signal corresponds to the total
yield of the individual contributions. These distributions are for illustrative purposes only and
were not used in obtaining the final results.

rare B → µµ decays are loop, CKM and helicity suppressed in SM  
→ golden channel for C10 and pseudo-scalar operators  
     ( probes models like e.g. 2HDM, MSSM, … ) 
 
Precise theoretical predictions:  
 

         Bobeth et al, PRL 112 (2014) 101801  

 
Measured by both LHCb and CMS with full Run 1 dataset:  

 PRL 111 (2013) 101805 
 PRL 111 (2013) 101804 

Name Autor | Ort und Datum

Motivation – Why BÆµµ in the first place

Maximilian Schlupp, BÆµµ @ the LHC, Kruger 2014 63rd December 2014

• Time integrated branching fraction predictions

• Ratio of branching fractions powerful to discriminate between NP models 
(Minimal Flavour Violation) & precisely predicted within the SM

Bobeth et al., PRL 112(2014) 101801*

arXiv:1403.4427 [hep-ex]

*updated with latest top quark mass 
measurement (Tevatron & LHC)

FPCP 2015, Nagoya 3 
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 LHCb B(s)→µµ search 
Great invariant mass resolution ~23 MeV 

separation signal/background with a BDT 

calibrated with data B(s)→hh 

Normalized to B+→J/ψ(µ+µ-)K+



B(s)→µµ
 Combined LHCb and CMS search 

simultaneous analysis, shared signal and nuisance parameters
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Figure 2 | Weighted distribution of the dimuon invariant mass for all categories.
Superimposed on the data points in black are the combined fit (solid blue) and its components:
the B0

s

(yellow shaded) and B0 (light-blue shaded) signal components; the combinatorial back-
ground (dash-dotted green); the sum of the semileptonic backgrounds (dotted salmon); and the
peaking backgrounds (dashed violet).

parameters in the fit are considered as nuisance parameters. Those for which additional
knowledge is available are constrained to be near their estimated values by using Gaussian
penalties with their estimated uncertainties while the others are free to float in the fit.
The ratio of the hadronisation probability into B+ and B0

s

mesons and the branching
fraction of the normalisation channel B+ ! J/ K+ are common, constrained parameters.
Candidate decays are categorised according to whether they were detected in CMS or
LHCb and to the value of the relevant BDT discriminant. In the case of CMS, they are
further categorised according to the data-taking period, and, because of the large variation
in mass resolution with angle, whether the muons are both produced at large angles
relative to the proton beams (central-region) or at least one muon is emitted at small
angle relative to the beams (forward-region). An unbinned extended maximum likelihood
fit to the dimuon invariant-mass distribution, in a region of about ±500MeV/c2 around
the B0

s

mass, is performed simultaneously in all categories (twelve categories from CMS
and eight from LHCb). Likelihood contours in the plane of the parameters of interest,
B(B0 ! µ+µ�) versus B(B0

s

! µ+µ�), are obtained by constructing the test-statistic
�2�lnL from the di↵erence in log-likelihood values between fits with fixed values for the
parameters of interest and the nominal fit. For each of the two branching fractions, a one-
dimensional profile likelihood scan is likewise obtained by fixing only the single parameter
of interest and allowing the other to vary during the fits. Additional fits are performed
where the parameters under consideration are the ratio of the branching fractions relative

to their SM predictions, S
B

0
(s)

SM

⌘ B(B0

(s)

! µ+µ�)/B(B0

(s)

! µ+µ�)
SM

, or the ratio R of
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Bs→µµ first observation (6.2 σ ) and B→µµ with 3σ significance! 

In agreement with SM!, stringent constraint for BSM!

Figure 3 | Likelihood contours in the B(B0 ! µ+µ�) versus B(B0
s ! µ+µ�) plane.

The (black) cross on panel (a) marks the best-fit central value. The SM expectation and its un-
certainty is shown as the (red) marker. Each contour encloses a region approximately correspond-
ing to the reported confidence level. Variations of the test statistic �2�lnL for B(B0

s

! µ+µ�)
and B(B0 ! µ+µ�) are shown on panels (b) and (c), respectively. The dark and light (cyan)
areas define the ±1� and ±2� confidence intervals for the branching fraction, respectively. The
SM prediction and its uncertainty for each branching fraction is denoted with the vertical (red)
band.

the two branching fractions.
The combined fit result is shown for all 20 categories in Extended Data Fig. 1. To

represent the result of the fit in a single dimuon invariant mass spectrum, the mass
distributions of all categories, weighted according to values of S/(S + B), where S is the
expected number of B0

s

signal and B is the number of background events under the B0

s

peak
in that category, are added together and shown in Fig. 2. The result of the simultaneous
fit is overlaid. An alternative representation of the fit to the dimuon invariant mass
distribution for the six categories with the highest S/(S + B) value for CMS and LHCb,
as well as displays of events with high probability to be genuine signal decays, are shown
in the Extended Data Figs. 2–4.

The combined fit leads to the measurements

B(B0

s

! µ+µ�) =
�
2.8 +0.7

�0.6

�
⇥ 10�9 and

B(B0 ! µ+µ�) =
�
3.9 +1.6

�1.4

�
⇥ 10�10,

where the uncertainties include both statistical and systematic sources, the latter con-
tributing 35% and 18% of the total uncertainty for the B0

s

and B0 signals, respectively.
Using Wilks’ theorem28, the statistical significance in unit of standard deviations, �, is
computed to be 6.2 for the B0

s

! µ+µ� decay mode and 3.2 for the B0 ! µ+µ� mode.
For each signal the null hypothesis that is used to compute the significance includes all
background components predicted by the SM as well as the other signal, whose branching

7



B(s)→µµ
likelihood scan
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Figure 3 | Likelihood contours in the B(B0 ! µ+µ�) versus B(B0
s ! µ+µ�) plane.

The (black) cross on panel (a) marks the best-fit central value. The SM expectation and its un-
certainty is shown as the (red) marker. Each contour encloses a region approximately correspond-
ing to the reported confidence level. Variations of the test statistic �2�lnL for B(B0

s

! µ+µ�)
and B(B0 ! µ+µ�) are shown on panels (b) and (c), respectively. The dark and light (cyan)
areas define the ±1� and ±2� confidence intervals for the branching fraction, respectively. The
SM prediction and its uncertainty for each branching fraction is denoted with the vertical (red)
band.

the two branching fractions.
The combined fit result is shown for all 20 categories in Extended Data Fig. 1. To

represent the result of the fit in a single dimuon invariant mass spectrum, the mass
distributions of all categories, weighted according to values of S/(S + B), where S is the
expected number of B0

s

signal and B is the number of background events under the B0

s

peak
in that category, are added together and shown in Fig. 2. The result of the simultaneous
fit is overlaid. An alternative representation of the fit to the dimuon invariant mass
distribution for the six categories with the highest S/(S + B) value for CMS and LHCb,
as well as displays of events with high probability to be genuine signal decays, are shown
in the Extended Data Figs. 2–4.

The combined fit leads to the measurements

B(B0

s

! µ+µ�) =
�
2.8 +0.7

�0.6

�
⇥ 10�9 and

B(B0 ! µ+µ�) =
�
3.9 +1.6

�1.4

�
⇥ 10�10,

where the uncertainties include both statistical and systematic sources, the latter con-
tributing 35% and 18% of the total uncertainty for the B0

s

and B0 signals, respectively.
Using Wilks’ theorem28, the statistical significance in unit of standard deviations, �, is
computed to be 6.2 for the B0

s

! µ+µ� decay mode and 3.2 for the B0 ! µ+µ� mode.
For each signal the null hypothesis that is used to compute the significance includes all
background components predicted by the SM as well as the other signal, whose branching

7

fraction is allowed to vary freely. The median expected significances assuming the SM
branching fractions are 7.4 � and 0.8 � for the B0

s

and B0 modes, respectively. Likelihood
contours for B(B0

s

! µ+µ�) versus B(B0 ! µ+µ�) are shown in Fig. 3. One-dimensional
likelihood scans for both decay modes are displayed in the same figure. In addition to
the likelihood scan, the statistical significance and confidence intervals for the B0 branch-
ing fractions are determined using simulated experiments. This determination yields a
significance of 3.0 � for a B0 signal with respect to the same null hypothesis described
above. Following the Feldman–Cousins29 procedure, ±1 � and ±2 � confidence intervals
for B(B0 ! µ+µ�) of [2.5, 5.6] ⇥ 10�10 and [1.4, 7.4] ⇥ 10�10 are obtained, respectively
(see Extended Data Fig. 5).

The fit for the ratios of the branching fractions relative to their SM predictions yields

SB

0
s

SM

= 0.76 +0.20

�0.18

and SB

0

SM

= 3.7 +1.6

�1.4

. Associated likelihood contours and one-dimensional
likelihood scans are shown in the Extended Data Fig. 6. The measurements are compatible
with the SM branching fractions of the B0

s

! µ+µ� and B0 ! µ+µ� decays at the
1.2 � and 2.2 � level, respectively, when computed from the one-dimensional hypothesis
tests. Finally, the fit for the ratio of branching fractions yields R = 0.14 +0.08

�0.06

, which is
compatible with the SM at the 2.3 � level. The one-dimensional likelihood scan for this
parameter is shown in Fig. 4.

The combined analysis of data from CMS and LHCb, taking advantage of their full
statistical power, establishes conclusively the existence of the B0

s

! µ+µ� decay and
provides an improved measurement of its branching fraction. This concludes a search that
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Figure 4 | Variation of the test statistic �2�lnL as a function of the ratio of branch-
ing fractions R ⌘ B(B0 ! µ+µ�)/B(B0

s ! µ+µ�). The dark and light (cyan) areas
define the ±1� and ±2� confidence intervals for R, respectively. The value and uncertainty for
R predicted in the SM, which is the same in BSM theories with the minimal flavour violation
(MFV) property, is denoted with the vertical (red) band.
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B →  µ+ µ- combination 

C. Linn (CERN) | EW penguin decays 
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CMS and LHCb (LHC run I)
Ratio of branching fractions is probe of 
MFV hypothesis:  
 
 
 
→ measured for the first time 
 
→ compatible with the SM prediction 
     at the 2.3σ level 

R =
B(B0→µµ)
B(B0

s
→µµ) = 0.14

+0.08
−0.06

FPCP 2015, Nagoya 5 

hep-ex/1411.4413  
doi:10.1038/nature14474 

SM ratio prediction 

!

Measured for first time  

!

!

Compatible with SM at 2.3 σ 

R (theory) = 0.0295+0.0028
_0.0025   (+8.7% - 7.7%)  

s The combination:  R = BR(B0→µ+µ− )/BR(Bs
0→µ+µ− ) 16 
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B(s)→µµ

BR is sensitive to:

24

arXiv:14077044

Model independent NP contributions 

NP can modify the Wilson coefficients (Ci) affecting observable quantities 
as angular distributions  in B→ K(*)µµ decays (C7,C9,C10), branching  
fractions in B→ µµ decays (C10, Cs, Cp) and photon polarization (C’7) 

  

€ 

Heff = −
4GF

2
VtbVts

* [
i
∑ Ci(µ)Oi(µ)

left -handed part
     + $ C i(µ) $ O i(µ)

right -handed part
suppressed in SM

     ] +
c
ΛNP

2∑ ONP

We describe FCNC processes by an effective Hamiltonian in the form of  
Operator Product Expansion to identify the types of operators that enter in 
the transitions: 

The B→ µµ  branching fraction can be parameterized as follows: 

7 

LHCb+CMS measurements eliminates NP on CNP10- C’10, and constrain Cs-C’s

Alonso et al. arXiv: 1407.7044 

The radius of the rings is proportional to the measured branching fractions, 
The width of the rings is proportional to the experimental accuracy. 
 → improving the experimental accuracy in these modes will only reduce the 
width of the ring and that breaking the degeneracy will require other observables. 

1σ, 3σ contours 

Model independent NP contributions 

..hence the BRs are proportional to  the squared sum/difference of CS and CP.  

Constraints on the 
C(‘)

S Wilson coeff.  
from the measured 
 BRs 

Bs
0→µ+µ−" B0→µ+µ−"

9 



LNV: B-→π+µ-µ-

 Search for Majorana neutrinos using B-→π+µ-µ- 
250-5000 MeV and lifetimes <1000 ps  

categories: detached or not (< 1ps): BR limit vs mass, lifetime

25

B� ! ⇡+µ�µ� is carried out in two steps, the first being the two body decay B� ! Nµ�,
where N is a putative Majorana neutrino, and the second N ! ⇡+µ�.

In both categories S and L, only tracks that start in the VELO are used. We require
muon candidates to have p > 3 GeV and pT > 0.75 GeV, as muon detection provides fewer
fakes above these values. The hadron must have p > 2 GeV and pT > 1.1 GeV, in order to
be tracked well. Muon candidate tracks are required to have hits in the muon chambers.
The same criteria apply for the channel we use for normalization purposes, B� ! J/ K�

with J/ ! µ+µ�. Pion and kaon candidates must be positively identified in the RICH
systems. For the S case and the normalization channel, candidate B� combinations must
form a common vertex with a �2 per number of degrees of freedom (ndf) less than 4. For
the L candidates we require that the ⇡+µ� tracks form a neutrino candidate (N) decay
vertex with a �2 < 10. A B� candidate decay vertex is searched for by extrapolating
the N trajectory back to a near approach with another µ� candidate, which must form a
vertex with the other muon having a �2 < 4. The distance between the ⇡+µ� and the
primary vertex divided by its uncertainty must be greater than 10. The pT of the ⇡+µ�

pair must also exceed 700 MeV. For both S and L cases, we require that the cosine of the
angle between the B� candidate momentum vector and the line from the PV to the B�

vertex be greater than 0.99999. The two cases are not exclusive, with 16% of the event
candidates appearing in both.

The mass spectra of the selected candidates are shown in Fig. 2. An extended unbinned
likelihood fit is performed to the J/ K� mass spectrum with a double-Crystal Ball
function [12] plus a triple-Gaussian background to account for partially reconstructed B
decays and a linear function for combinatoric background. We find 282 774± 543 signal
events in the normalization channel. Backgrounds in the ⇡+µ�µ� final state come from B
decays to charmonium and combinatoric sources. Charmonium backgrounds are estimated
using fully reconstructed J/ K�(⇡�) and  (2S)K�(⇡�) events and are indicated by
shaded regions; they can peak at the B� mass. No signal is observed in either the S or L
samples.

We use the CLs method to set upper limits [13], which requires the determination
of the expected background yields and total number of events in the signal region. We
define the signal region as the mass interval within ±2� of the B� mass where � is

W

+

!+

u

"

"

N
W

b

B

Figure 1: Feynman diagram for B� ! ⇡+µ�µ� decay via a Majorana neutrino labelled N .
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Figure 2: Invariant mass distributions with fits overlaid of candidate mass spectra for (a) J/ K�,
(b) ⇡+µ�µ� (S) , and (c) ⇡+µ�µ� (L). Backgrounds are (green) shaded; they peak under the
signal in (b) and (c). The dotted lines show the combinatorial backgrounds only. The solid line
shows the sum of both backgrounds.

the mass resolution, specifically 5238.6� 5319.8 MeV. Peaking background shapes and
normalizations are fixed from exclusive reconstructions in data. We fit the distributions
outside of the B� signal region with a sum of the peaking background tails, where both
shape and normalization are fixed, and linear functions to account for the combinatorial
backgrounds. The interpolated combinatoric background in each signal region is combined
with the peaking background to determine the total background.

In the signal B mass range there are 19 events in the S sample and 60 events in the L
sample. The S and L background fit yields are 17.8±3.2, and 54.5±5.4, respectively, in
the same region.

The detection e�ciency varies as a function of neutrino mass, m
N

, and changes for the
L sample with ⌧

N

. To quote an upper limit on the branching fraction for the S sample
we take the average detection e�ciency, as determined by simulation, with respect to the
normalization mode of 0.687±0.001. In computing the limit we include the uncertainties on
background yields obtained from the fit to the m(⇡+µ�µ�) distribution, and the systematic
uncertainty described below. The normalization is obtained from the number of J/ K�

events and the known rate of B(B� ! J/ K�, J/ ! µ+µ�) = (6.04±0.26)⇥10�5 [14,15].
We find

B(B� ! ⇡+µ�µ�) < 4.0⇥ 10�9 at 95% confidence level (C.L.)

This limit is applicable for ⌧
N

. 1 ps. The total systematic uncertainty is 6.6%. The
largest source is B(B� ! J/ K�) (4.2%), followed by modeling of the e�ciency ratio
(3.5%) and backgrounds (3.5%), relative particle identification e�ciencies (0.5%), tracking
e�ciency di↵erences for kaons versus pions (0.5%), and yield of the normalization channel
(0.4%).

We also search for signals as a function of m
N

. The ⇡+µ� mass spectra are shown in
Fig. 3 for both S and L selections, requiring that the ⇡+µ�µ� mass be restricted to the
B� signal range. There is an obvious peak around 3100 MeV from misidentified J/ K�

(or ⇡�) events. The ⇡+µ� mass spectra are fitted with a function derived from fitting the
upper B� sideband regions, from 5319.8� 5400.0 MeV, for the combinatoric background,
and peaking background components obtained from simulation.

As there is no evidence for a signal, upper limits are set by scanning across the m
N
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Figure 2: Invariant mass distributions with fits overlaid of candidate mass spectra for (a) J/ K�,
(b) ⇡+µ�µ� (S) , and (c) ⇡+µ�µ� (L). Backgrounds are (green) shaded; they peak under the
signal in (b) and (c). The dotted lines show the combinatorial backgrounds only. The solid line
shows the sum of both backgrounds.

the mass resolution, specifically 5238.6� 5319.8 MeV. Peaking background shapes and
normalizations are fixed from exclusive reconstructions in data. We fit the distributions
outside of the B� signal region with a sum of the peaking background tails, where both
shape and normalization are fixed, and linear functions to account for the combinatorial
backgrounds. The interpolated combinatoric background in each signal region is combined
with the peaking background to determine the total background.

In the signal B mass range there are 19 events in the S sample and 60 events in the L
sample. The S and L background fit yields are 17.8±3.2, and 54.5±5.4, respectively, in
the same region.

The detection e�ciency varies as a function of neutrino mass, m
N

, and changes for the
L sample with ⌧

N

. To quote an upper limit on the branching fraction for the S sample
we take the average detection e�ciency, as determined by simulation, with respect to the
normalization mode of 0.687±0.001. In computing the limit we include the uncertainties on
background yields obtained from the fit to the m(⇡+µ�µ�) distribution, and the systematic
uncertainty described below. The normalization is obtained from the number of J/ K�

events and the known rate of B(B� ! J/ K�, J/ ! µ+µ�) = (6.04±0.26)⇥10�5 [14,15].
We find

B(B� ! ⇡+µ�µ�) < 4.0⇥ 10�9 at 95% confidence level (C.L.)

This limit is applicable for ⌧
N

. 1 ps. The total systematic uncertainty is 6.6%. The
largest source is B(B� ! J/ K�) (4.2%), followed by modeling of the e�ciency ratio
(3.5%) and backgrounds (3.5%), relative particle identification e�ciencies (0.5%), tracking
e�ciency di↵erences for kaons versus pions (0.5%), and yield of the normalization channel
(0.4%).

We also search for signals as a function of m
N

. The ⇡+µ� mass spectra are shown in
Fig. 3 for both S and L selections, requiring that the ⇡+µ�µ� mass be restricted to the
B� signal range. There is an obvious peak around 3100 MeV from misidentified J/ K�

(or ⇡�) events. The ⇡+µ� mass spectra are fitted with a function derived from fitting the
upper B� sideband regions, from 5319.8� 5400.0 MeV, for the combinatoric background,
and peaking background components obtained from simulation.

As there is no evidence for a signal, upper limits are set by scanning across the m
N
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Figure 3: Invariant ⇡+µ� mass distribution for ⇡+µ�µ� candidates with masses restricted to
±2� of B� mass for the (a) S and (b) L selections. The shaded regions indicate the estimated
peaking backgrounds. Backgrounds that peak under the signal in (a) and (b) are (green) shaded.
The dotted lines show the combinatorial backgrounds only. The solid line the sum of both
backgrounds. (In (a) there are two combinations per event.)

spectrum. At every 5 MeV step beginning at 250 MeV and ending at 5000 MeV we define
a ±3� search region, where � ranges from approximately 3 MeV at low mass to 24 MeV at
high mass. The mass resolution is determined from fitting signals in other LHCb data [2].
The fitted background is then subtracted from the event yields in each interval. The upper
limit at 95% C.L. of B(B� ! ⇡+µ�µ�) at each mass value is computed using the CL

s

method. The simulated e�ciency ratio to the normalization mode averages about 0.8 up
to 4000 MeV, and then approaching the phase space boundary, sharply decreases to 0.2 at
5000 MeV. The results of this scan are shown in Fig. 4.

The e�ciency is highest for ⌧
N

of a few ps, and decreases rapidly until about 200 ps
when it levels o↵ until about 1000 ps, beyond which it slowly vanishes as most of the
decays occur outside of the vertex detector. For L candidates, we set upper limits as a
function of both m

N

and lifetime by performing the same scan in mass as before, but
applying e�ciencies appropriate for individual lifetime values between 1 and 1000 ps. The
number of background events is extracted from the sum of combinatorial and peaking
backgrounds in the fit to the m(⇡+µ�) distribution in the same manner as for the S
sample. The estimated signal yield is the di↵erence between the total number of events
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Conclusions
 Rare hadron b decays allow us to explore indirectly NP 

 Stringent constraints for BSM due to  the LHCb+CMS observation of 
Bs→µµ and the evidence of B→µµ in agreement with SM 

 LHCb rare B decays are largely in agreement with SM 

 But there are some tantalizing tensions: 
In the lepton universality ratio from B+→K+l+l-  

In one observable, P’5, of the angular distributions of B→K*µ+µ- , there is a local 
discrepancy with SM at ~3.7 σ 

They can be accommodated in a global fit of Wilson Coefficients, with preferred 
solution: CNP9~-1.1 

 LHCb is running again!   
B(s)→µµ analysis will enter in a different era! 

Expectation about updates on the angular distribution of b →sµµ processes 

And pay attention to the checks of the lepton universality 
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Angular Analysis B→K*µ+µ-

28

LH
C

B-
C

O
N

F-
20

15
-0

02

B Fit projections

Figure 7 shows the projection of the fitted probability density function on the angular and
mass distributions for the B

0! J/ K

⇤0 data. Similarly, Figs 8-16 show the projections
for the B

0! K

⇤0
µ

+

µ

� data in the di↵erent q2 bins.
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Figure 7: Angular and mass distribution of B0! J/ K⇤0 candidates in data. A small signal
component is also included in the fit to account for B0

s ! J/ K⇤0 decays. Overlaid are the
projections of the total fitted distribution (black line) and its di↵erent components. The signal is
shown by the blue component and the background is shown by the red hatched component.
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Control channel B→J/ψ(µ+µ-) K* 

consistent with current measurements

B Fit projections

Figure 7 shows the projection of the fitted probability density function on the angular and
mass distributions for the B

0! J/ K

⇤0 data. Similarly, Figs 8-16 show the projections
for the B

0! K

⇤0
µ

+

µ

� data in the di↵erent q2 bins.
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Figure 7: Angular and mass distribution of B0! J/ K⇤0 candidates in data. A small signal
component is also included in the fit to account for B0

s ! J/ K⇤0 decays. Overlaid are the
projections of the total fitted distribution (black line) and its di↵erent components. The signal is
shown by the blue component and the background is shown by the red hatched component.
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LFV: τ→3µ
Search for LFV with τ→3µ 

large inclusive production from b,c 

separation using two discriminants (geometric, 3 body, and PID) and τ mass 

normalization and control channel D-s→!(µµ)π-
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Figure 4: Invariant mass distributions and fits to the mass sidebands in (a) 7TeV and (b) 8TeV
data for µ+µ�µ� candidates in the bins of M

3body

and M
PID

response that contain the highest
signal probabilities.

decays. However, these events populate mainly the region of low M
PID

response and are
reduced to a negligible level by the exclusion of the first bin.

The expected numbers of background events within the signal region, for each bin in
M

3body

and M
PID

, are evaluated by fitting an exponential function to the candidate mass
spectra outside of the signal windows using an extended, unbinned maximum likelihood fit.
The parameters of the exponential function are allowed to vary independently in each bin.
The small di↵erences obtained if the exponential curves are replaced by straight lines are
included as systematic uncertainties. The µ�µ+µ� mass spectra are fitted over the mass
range 1600–1950MeV/c2, excluding windows of width ±30MeV/c2 around the expected
signal mass. The resulting fits to the data sidebands for the highest sensitivity bins are
shown in Fig. 4 for 7 and 8TeV data separately.

7 Normalisation

The observed number of ⌧� ! µ�µ+µ� candidates is converted into a branching fraction
by normalising to the D�

s

! � (µ+µ�) ⇡� calibration channel according to

B
�
⌧� ! µ�µ+µ�� = B (D�

s

! � (µ+µ�) ⇡�)

B (D�
s

! ⌧�⌫̄
⌧

)
⇥ fDs

⌧

⇥ ✏R
cal

✏R
sig

⇥ ✏T
cal

✏T
sig

⇥ N
sig

N
cal

⌘ ↵N
sig

, (1)

where ↵ is the overall normalisation factor, N
sig

is the number of observed signal events
and all other terms are described below. Table 1 gives a summary of all contributions to
the factor ↵; the uncertainties are taken to be uncorrelated. The branching fraction of the
normalisation channel is determined from known branching fractions as

B
�
D�

s

! �
�
µ+µ�� ⇡�� = B (D�

s

! � (K+K�) ⇡�)

B (� ! K+K�)
B
�
� ! µ+µ�� = (1.32± 0.10)⇥10�5 ,

7
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Figure 5: Distribution of CL
s

values as a function of the assumed branching fraction for
⌧� ! µ�µ+µ�, under the hypothesis to observe background events only. The dashed line
indicates the expected limit and the solid line the observed one. The light (yellow) and dark
(green) bands cover the regions of 68% and 95% confidence for the expected limit.
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where B (�! K+K�) and B (�! µ+µ�) are taken from Ref. [3] and
B (D�

s

! � (K+K�) ⇡�) is taken from Ref. [30]. The branching fraction B (D�
s

! ⌧�⌫̄
⌧

)
is taken from Refs. [3, 31].

The quantity fDs
⌧

is the fraction of ⌧� leptons that originate from D�
s

decays. The
value of fDs

⌧

at 7TeV is calculated using the bb̄ and cc̄ cross-sections as measured by
LHCb [9, 10] at 7TeV and the inclusive b ! D

s

, c ! D
s

, b ! ⌧ and c ! ⌧ branching
fractions [3]. For the value of fDs

⌧

at 8TeV the bb̄ cross-section is updated to the 8TeV
LHCb measurement [32] and the cc̄ cross-section measured at 7TeV is scaled by a factor of
8/7, consistent with Pythia simulations. The uncertainty on this scaling factor, which is
negligible, is found by taking the di↵erence between the value obtained from the nominal
parton distribution functions and that from the average of their corresponding error
sets [33].

The reconstruction and selection e�ciencies, ✏R, are products of the detector acceptances
for the decay of interest, the muon identification e�ciencies and the selection e�ciencies.
The combined muon identification and selection e�ciencies are determined from the yield
of simulated events after the full selections are applied. The ratio of e�ciencies is corrected
to account for the di↵erences between data and simulation in track reconstruction, muon
identification, the �(1020) mass window requirement in the normalisation channel and the
⌧� mass range. The removal of candidates in the least sensitive bins in the M

3body

and
M

PID

classifier responses is also taken into account.
The trigger e�ciencies, ✏T, are evaluated from simulation and their systematic

uncertainties are determined from the di↵erences between the trigger e�ciencies of
B� ! J/ (µ+µ�)K� decays measured in data and in simulation, using muons with
momentum values typical of ⌧� ! µ�µ+µ� signal decays. The trigger e�ciency for the
8TeV data set is corrected to account for di↵erences in trigger conditions across the data
taking period, resulting in a relatively large systematic error.

The yields of D�
s

! � (µ+µ�) ⇡� candidates in data, N
cal

, are determined from the
fits to reconstructed � (µ+µ�) ⇡� mass distributions shown in Fig. 3. The variations in
the yields when the relative contributions of the two Gaussian components are allowed to
vary in the fits are considered as systematic uncertainties.

8 Results

Tables 2 and 3 give the expected and observed numbers of candidates in the signal
region, for each bin of the classifier responses. No significant excess of events over the
expected background is observed. Using the CL

s

method [29] and Eq. 1, the observed
CL

s

value and the expected CL
s

distribution are calculated as functions of the assumed
branching fraction, as shown in Fig. 5. The systematic uncertainties on the signal and
background estimates, which have a very small e↵ect on the final limits, are included
following Ref. [29]. The expected limit at 90% (95%) CL for the branching fraction is
B (⌧� ! µ�µ+µ�) < 5.0 (6.1)⇥ 10�8, while the observed limit at 90% (95%) CL is

B (⌧� ! µ�µ+µ�) < 4.6 (5.6)⇥ 10�8.
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Lepton Universality B+→K+l+l-

Ratio of B+→K+µ+µ-, B+→K+e+e- as test of lepton universality 

!

!

!

uncertainties cancel on the rations 

in SM is almost one 0(10-3) 

 LHCb analysis 

relative measurement with respect B+→K+J/ψ(l+l-) 

reconstruction of the e with bremsstrahlung photons  

in different trigger categories (e,h,other) 

efficiencies from simulation, corrected with data 

range q2 [1, 6] GeV2 

systematic dominated by the B+→J/ψ(ee)K+ mass parameterization and the trigger 
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Test of Lepton Universality Using Bþ → Kþlþl− Decays

R. Aaij et al.*

(LHCb Collaboration)
(Received 25 June 2014; published 6 October 2014)

A measurement of the ratio of the branching fractions of the Bþ → Kþμþμ− and Bþ → Kþeþe− decays
is presented using proton-proton collision data, corresponding to an integrated luminosity of 3.0 fb−1,
recorded with the LHCb experiment at center-of-mass energies of 7 and 8 TeV. The value of the ratio of
branching fractions for the dilepton invariant mass squared range 1 < q2 < 6 GeV2=c4 is measured to be
0.745þ0.090

−0.074 ðstatÞ $ 0.036ðsystÞ. This value is the most precise measurement of the ratio of branching
fractions to date and is compatible with the standard model prediction within 2.6 standard deviations.

DOI: 10.1103/PhysRevLett.113.151601 PACS numbers: 11.30.Hv

The decay Bþ → Kþlþl−, where l represents either a
muon or an electron, is a b → s flavor-changing neutral
current process. Such processes are highly suppressed in the
standard model (SM) as they proceed through amplitudes
involving electroweak loop (penguin and box) diagrams.
This makes the branching fraction of Bþ → Kþlþl− (the
inclusion of charge conjugate processes is implied through-
out this Letter.) decays highly sensitive to the presence of
virtual particles that are predicted to exist in extensions of the
SM [1]. The decay rate of Bþ → Kþμþμ− has been
measured by LHCb to a precision of 5% [2] and, although
the current theoretical uncertainties in the branching fraction
areOð30%Þ [3], these largely cancel in asymmetries or ratios
of Bþ → Kþlþl− observables [2,4].
Owing to the equality of the electroweak couplings of

electrons and muons in the SM, known as lepton univer-
sality, the ratio of the branching fractions of Bþ →
Kþμþμ− to Bþ → Kþeþe− decays [5] is predicted to be
unity within an uncertainty ofOð10−3Þ in the SM [1,6]. The
ratio of the branching fractions is particularly sensitive to
extensions of the SM that introduce new scalar or pseu-
doscalar interactions [1]. Models that contain a Z0 boson
have recently been proposed to explain measurements of
the angular distribution and branching fractions of B0 →
K%0μþμ− and Bþ → Kþμþμ− decays [7]. These types of
models can also affect the relative branching fractions of
Bþ → Kþlþl− decays if the Z0 boson does not couple
equally to electrons and muons.
Previous measurements of the ratio of branching frac-

tions from eþe− colliders operating at the ϒð4SÞ resonance
have measured values consistent with unity with a precision
of 20%–50% [8]. This Letter presents the most precise
measurement of the ratio of branching fractions and the

corresponding branching fraction B (Bþ → Kþeþe−) to
date. The data used for these measurements are recorded in
proton-proton (p p) collisions and correspond to 3.0 fb−1

of integrated luminosity, collected by the LHCb experiment
at center-of-mass energies of 7 and 8 TeV.
The value of RK within a given range of the dilepton

mass squared from q2min to q2max is given by

RK ¼

R q2max
q2min

dΓ½Bþ→Kþμþμ−(
dq2 dq2

R q2max
q2min

dΓ½Bþ→Kþeþe−(
dq2 dq2

; ð1Þ

where Γ is the q2 -dependent partial width of the decay. We
report a measurement of RK for 1 < q2 < 6 GeV2=c4. This
range is both experimentally and theoretically attractive as
it excludes the Bþ → J=ψð→ lþl−ÞKþ resonant region,
and precise theoretical predictions are possible. The high q2

region, above the ψð2SÞ resonance, is affected by broad
charmonium resonances that decay to lepton pairs [9].
The value of RK is determined using the ratio of the

relative branching fractions of the decays Bþ → Kþlþl−

and Bþ → J=ψð→ lþl−ÞKþ, with l ¼ e and μ, respec-
tively. This takes advantage of the large Bþ → J=ψKþ

branching fraction to cancel potential sources of systematic
uncertainty between the Bþ → Kþlþl− and Bþ →
J=ψð→ lþl−ÞKþ decays as the efficiencies are correlated
and the branching fraction to Bþ → J=ψKþ is known
precisely [10]. This is achieved by using the same selection
for Bþ → Kþlþl− and Bþ → J=ψð→ lþl−ÞKþ decays
for each leptonic final state and by assuming lepton
universality in the branching fractions of J=ψ mesons to
the μþμ− and eþe− final states [10]. In terms of measured
quantities, RK is written as

RK ¼
!
N Kþμþμ−

N Kþeþe−

"!
N J=ψðeþe−ÞKþ

N J=ψðμþμ−ÞKþ

"

×
!
ϵKþeþe−

ϵKþμþμ−

"!
ϵJ=ψðμþμ−ÞKþ

ϵJ=ψðeþe−ÞKþ

"
; ð2Þ
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due to different final-state particle kinematic distributions
in the resonant and nonresonant dilepton mass region.
The dependence of the particle identification on the

kinematic distributions contributes a systematic uncer-
tainty of 0.2% to the value of RK. The efficiency
associated with the hardware trigger on Bþ →
J=ψð→ eþe−ÞKþ and Bþ → Kþeþe− decays depends
strongly on the kinematic properties of the final state
particles and does not entirely cancel in the calculation of
RK , due to different electron and muon trigger thresholds.
The efficiency associated with the hardware trigger is
determined using simulation and is cross-checked using
Bþ → J=ψð→ eþe−ÞKþ and Bþ → J=ψð→ μþμ−ÞKþ

candidates in the data, by comparing candidates triggered
by the kaon or leptons in the hardware trigger to
candidates triggered by other particles in the event.
The largest difference between data and simulation in
the ratio of trigger efficiencies between the Bþ →
Kþlþl− and Bþ → J=ψð→ lþl−ÞKþ decays is at the
level of 3%, which is assigned as a systematic uncertainty
on RK . The veto to remove misidentification of kaons as
electrons contains a similar dependence on the chosen
binning scheme and a systematic uncertainty of 0.6% on
RK is assigned to account for this.
Overall, the efficiency to reconstruct, select, and identify

an electron is around 50% lower than the efficiency for a
muon. The total efficiency in the range 1 < q2 <
6 GeV2=c4 is also lower for Bþ → Kþlþl− decays than
the efficiency for the Bþ → J=ψð→ lþl−ÞKþ decays, due
to the softer lepton momenta in this q2 range.

The ratio of efficiency-corrected yields of Bþ → Kþeþe−

to Bþ → J=ψð→ eþe−ÞKþ is determined separately for
each type of hardware trigger and then combined with the
ratio of efficiency-corrected yields for the muon decays. RK

is measured to have a value of 0.72þ0.09
−0.08ðstatÞ$0.04ðsystÞ,

1.84þ1.15
−0.82ðstatÞ$0.04ðsystÞ, and 0.61þ0.17

−0.07ðstatÞ$0.04ðsystÞ
for dielectron events triggered by electrons, the kaon, or
other particles in the event, respectively. Sources of system-
atic uncertainty are assumed to be uncorrelated and are
added in quadrature. Combining these three independent
measurements of RK and taking into account correlated
uncertainties from the muon yields and efficiencies, gives

RK ¼ 0.745þ0.090
−0.074ðstatÞ $ 0.036ðsystÞ:

The dominant sources of systematic uncertainty are due to
the parametrization of the Bþ → J=ψð→ eþe−ÞKþ mass
distribution and the estimate of the trigger efficiencies that
both contribute 3% to the value of RK.
The branching fraction of Bþ → Kþeþe− is determined

in the region from 1 < q2 < 6 GeV2=c4 by taking the ratio
of the branching fraction from Bþ → Kþeþe− and Bþ →
J=ψð→ eþe−ÞKþ decays and multiplying it by the mea-
sured value of B (Bþ → J=ψKþ) and J=ψ → eþe− [10].
The value obtained is BðBþ → Kþeþe−Þ ¼
½1.56þ0.19

−0.15ðstatÞ
þ0.06
−0.04ðsystÞ' × 10−7. This is the most precise

measurement to date and is consistent with the SM
expectation.
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FIG. 2. Mass distributions with fit projections overlaid of selected Bþ → J=ψð→ eþe−ÞKþ candidates triggered in the hardware
trigger by (a) one of the two electrons, (b) by the Kþ, and (c) by other particles in the event. Mass distributions with fit projections
overlaid of selected Bþ → Kþeþe− candidates in the same categories, triggered by (d) one of the two electrons, (e) the Kþ, and (f) by
other particles in the event. The total fit model is shown in black, the combinatorial background component is indicated by the dark
shaded region and the background from partially reconstructed b -hadron decays by the light shaded region.
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A measurement of the ratio of the branching fractions of the Bþ → Kþμþμ− and Bþ → Kþeþe− decays
is presented using proton-proton collision data, corresponding to an integrated luminosity of 3.0 fb−1,
recorded with the LHCb experiment at center-of-mass energies of 7 and 8 TeV. The value of the ratio of
branching fractions for the dilepton invariant mass squared range 1 < q2 < 6 GeV2=c4 is measured to be
0.745þ0.090

−0.074 ðstatÞ $ 0.036ðsystÞ. This value is the most precise measurement of the ratio of branching
fractions to date and is compatible with the standard model prediction within 2.6 standard deviations.
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The decay Bþ → Kþlþl−, where l represents either a
muon or an electron, is a b → s flavor-changing neutral
current process. Such processes are highly suppressed in the
standard model (SM) as they proceed through amplitudes
involving electroweak loop (penguin and box) diagrams.
This makes the branching fraction of Bþ → Kþlþl− (the
inclusion of charge conjugate processes is implied through-
out this Letter.) decays highly sensitive to the presence of
virtual particles that are predicted to exist in extensions of the
SM [1]. The decay rate of Bþ → Kþμþμ− has been
measured by LHCb to a precision of 5% [2] and, although
the current theoretical uncertainties in the branching fraction
areOð30%Þ [3], these largely cancel in asymmetries or ratios
of Bþ → Kþlþl− observables [2,4].
Owing to the equality of the electroweak couplings of

electrons and muons in the SM, known as lepton univer-
sality, the ratio of the branching fractions of Bþ →
Kþμþμ− to Bþ → Kþeþe− decays [5] is predicted to be
unity within an uncertainty ofOð10−3Þ in the SM [1,6]. The
ratio of the branching fractions is particularly sensitive to
extensions of the SM that introduce new scalar or pseu-
doscalar interactions [1]. Models that contain a Z0 boson
have recently been proposed to explain measurements of
the angular distribution and branching fractions of B0 →
K%0μþμ− and Bþ → Kþμþμ− decays [7]. These types of
models can also affect the relative branching fractions of
Bþ → Kþlþl− decays if the Z0 boson does not couple
equally to electrons and muons.
Previous measurements of the ratio of branching frac-

tions from eþe− colliders operating at the ϒð4SÞ resonance
have measured values consistent with unity with a precision
of 20%–50% [8]. This Letter presents the most precise
measurement of the ratio of branching fractions and the

corresponding branching fraction B (Bþ → Kþeþe−) to
date. The data used for these measurements are recorded in
proton-proton (p p) collisions and correspond to 3.0 fb−1

of integrated luminosity, collected by the LHCb experiment
at center-of-mass energies of 7 and 8 TeV.
The value of RK within a given range of the dilepton

mass squared from q2min to q2max is given by

RK ¼

R q2max
q2min

dΓ½Bþ→Kþμþμ−(
dq2 dq2

R q2max
q2min

dΓ½Bþ→Kþeþe−(
dq2 dq2

; ð1Þ

where Γ is the q2 -dependent partial width of the decay. We
report a measurement of RK for 1 < q2 < 6 GeV2=c4. This
range is both experimentally and theoretically attractive as
it excludes the Bþ → J=ψð→ lþl−ÞKþ resonant region,
and precise theoretical predictions are possible. The high q2

region, above the ψð2SÞ resonance, is affected by broad
charmonium resonances that decay to lepton pairs [9].
The value of RK is determined using the ratio of the

relative branching fractions of the decays Bþ → Kþlþl−

and Bþ → J=ψð→ lþl−ÞKþ, with l ¼ e and μ, respec-
tively. This takes advantage of the large Bþ → J=ψKþ

branching fraction to cancel potential sources of systematic
uncertainty between the Bþ → Kþlþl− and Bþ →
J=ψð→ lþl−ÞKþ decays as the efficiencies are correlated
and the branching fraction to Bþ → J=ψKþ is known
precisely [10]. This is achieved by using the same selection
for Bþ → Kþlþl− and Bþ → J=ψð→ lþl−ÞKþ decays
for each leptonic final state and by assuming lepton
universality in the branching fractions of J=ψ mesons to
the μþμ− and eþe− final states [10]. In terms of measured
quantities, RK is written as

RK ¼
!
N Kþμþμ−

N Kþeþe−

"!
N J=ψðeþe−ÞKþ

N J=ψðμþμ−ÞKþ

"

×
!
ϵKþeþe−

ϵKþμþμ−

"!
ϵJ=ψðμþμ−ÞKþ

ϵJ=ψðeþe−ÞKþ

"
; ð2Þ
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In 2014, another tension with the SM has been observed by LHCb, namely a 
suppression of the ratio RK of B+ →K+µ+µ-  and B+ →K+ e+ e- branching fractions 
at low di-lepton invariant mass  → test of lepton universality 

Puzzling deviations: Rk  = BR(B+ →K+µ+µ-)/BR(B+ →K+e+e-)    
7 

u u 

  = µ+, e+ 

  = µ-, e- 

In SM this ratio is expected to differ from unity only due to tiny Higgs penguin  
contributions and difference of phase space: 

                      RK (SM) = 1.0003 ± 0.0001          Bobeth et al., JHEP 12 (2007) 040 
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