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Figure 2. Belle (a) and LHCb (b) single event displays illustrating the reconstruction of semileptonic B meson decays: Trajectories
of charged particles are shown as colored solid lines, energy deposits in the calorimeters are depicted by red bars. The Belle display is
an end view perpendicular to the beam axis with the silicon detector in the center (small orange circle) and the device measuring the
particle velocity (dark purple polygon). This is a ° (4S) ! B

+
B
� event, with B

� ! D
0t�n̄t , D

0 ! K
�p+ and t� ! e

�nt n̄e, and the
B

+ decaying to five charged particles (white solid lines) and two photons. The trajectories of undetected neutrinos are marked as
dashed yellow lines. The LHCb display is a side view with the proton beams indicated as a white horizontal line with the interaction
point far to the left, followed by the dipole magnet (white trapezoid) and the Cherenkov detector (red lines). The area close to the
interaction point is enlarged above, showing the tracks of the charged particles produced in the pp interaction, the B

0 path (dotted
orange line), and its decay B̄0 ! D

⇤+t�n̄t with D
⇤+ ! D

0p+ and D
0 ! K

�p+, plus the µ� from the decay of a very short-lived t�.

typically produced at small angles to the beam and with high
momenta, features that determined the design of the LHCb detec-
tor [25, 26], a single arm forward spectrometer, covering the polar
angle range of 3�23 degrees. The high momentum and relatively
long B hadron lifetime result in decay distances of several cm.
Very precise measurements of the pp interaction point, combined
with the detection of charged particle trajectories from B decays
which do not intersect this point, are the very effective, primary
method to separate B decays from background.

All three experiments rely on several layers of finely seg-
mented silicon strip detectors to locate the beam-beam interaction
point and decay vertices of long-lived particles. A combination
of silicon strip detectors and multiple layers of gaseous detec-
tors measure the trajectories of charged particles, and determine
their momenta from the deflection in a magnetic field. Examples
of reconstructed signal events recorded by the LHCb and Belle
experiments are shown in Figure 2.

For a given momentum, charged particles of different masses,
primarily pions and kaons, are identified by their different ve-
locities. All three experiments make use of devices which sense
Cherenkov radiation, emitted by particles with velocities that ex-
ceed the speed of light in a chosen radiator material. For lower
velocity particles, Belle complements this with time-of-flight
measurements. BABAR and Belle also measure the velocity-
dependent energy loss due to ionization in the tracking detectors.
Arrays of cesium iodide crystals measure the energy of photons

and identify electrons in BABAR and Belle. Muons are identified
as particles penetrating a stack of steel absorbers interleaved with
large area gaseous detectors.

Measurements of B
� ! t�nt decays

The decays B
� ! t�nt with two or three neutrinos in the final

state have only been observed by BABAR and Belle. These
two experiments exploit the BB pair production at the ° (4S)
resonance via the process e

+
e
� !° (4S) ! BB. These BB pairs

can be tagged by the reconstruction of a hadronic or semileptonic
decay of one of the two B mesons, referred to as Btag. If this
decay is correctly reconstructed, all remaining particles in the
event originate from the other B decay.

BABAR and Belle have independently developed two sets of
algorithms to tag BB events. The hadronic tag algorithms [27, 28]
search for the best match between one of more than a thousand
possible decay chains and a subset of all detected particles in
the event. The efficiency for finding a correctly matched Btag is
unfortunately quite small, 0.3%. The benefit of reconstructing
all final state particles is that the total energy, Emiss, and vector
momentum, ~pmiss, of all undetected particles of the other B decay
can be inferred from energy and momentum conservation. The
invariant mass squared of all undetected particles, m

2
miss = E

2
miss�

~p2
miss, is used to distinguish events with one neutrino (m2

miss ⇡ 0)
from events with multiple neutrinos or other missing particles
(m2

miss > 0).
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• The idea is that because these are loop suppressed, NP can 
compete quite easily with the SM decay amplitude.
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Figure 1: Feynman diagrams in the Standard Model for the two classes of processes examined in this article. Top:

charged-current b ! c`+⌫` tree-level transition. Bottom: neutral-current b ! s`+`� loop-level transition

Very recently, LHCb has produced another R(D⇤) measurement by exploiting the decay of the ⌧ lepton
into three charged pions and a neutrino. This measurement was considered to be unfeasible due to the large
backgrounds from B decays into the same visible final state as signal and the apparent lack of discriminating
variables. Nevertheless, the presence of a ⌧ decay vertex significantly detached from the b-hadron decay vertex
allows to suppress the most abundant backgrounds. The residual background, due to b-hadron decaying to a
D⇤ and another charm meson that subsequently gives three pions in a detached vertex topology, is reduced
by exploiting the di↵erent resonant structure of the three-pion system. The resulting measurement of R(D⇤)
is larger than, although compatible with, the SM prediction, and consistent with previous determinations.
The combined world average (Fig. 2) of R(D⇤) and R(D) measurements, known at 5% and 10% respectively,
remains in tension with the SM prediction at a level of four standard deviations. This provides solid motivation
for further LU tests in semitauonic decays of b hadrons.

The LHCb collaboration will therefore continue performing measurements in this sector, by extending the
already performed R(D⇤) measurements on the datasets collected in Run2, and by studying the decays of
other b hadrons. For example, the first measurement of R(J/ ) has been performed, that tests LU in the
Bc sector. Again, a value higher than the SM expectation has been found, even though the uncertainties
are still significant and the SM prediction not firm yet. An important extension of this already rich physics
program will regard the study of observables other than branching fractions, such as polarization and angular
distributions of the final state particles, that will give crucial insight in the interpretation of the current
anomaly, if confirmed, in terms of new physics models.

In contrast to tree-level semileptonic decays, b ! s`` transitions are highly suppressed as there are no FCNC
in the SM. This suppression increases the sensitivity to the possible existence of new particles. The presence
of such particles could lead to a sizeable increase or decrease in the rate of particular decays, or change the
angular distribution of the final-state particles. Tests of LU in these decays involve measurements of ratios of
branching fractions between electron and muon decay modes RK(⇤) = B(B ! K(⇤)µ+µ�)/B(B ! K(⇤)e+e�).
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Figure 4: Example of Feynman diagrams of leptoquark-mediated b ! c`⌫ and b ! s`` transitions.
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SM NP

• If NP couples strongly and is light enough, it will significantly alter 
the behaviour compared to the SM expectation.

A Challenge to Lepton Universality in B Meson Decays — 3/10

Figure 2. Belle (a) and LHCb (b) single event displays illustrating the reconstruction of semileptonic B meson decays: Trajectories
of charged particles are shown as colored solid lines, energy deposits in the calorimeters are depicted by red bars. The Belle display is
an end view perpendicular to the beam axis with the silicon detector in the center (small orange circle) and the device measuring the
particle velocity (dark purple polygon). This is a ° (4S) ! B

+
B
� event, with B

� ! D
0t�n̄t , D

0 ! K
�p+ and t� ! e

�nt n̄e, and the
B

+ decaying to five charged particles (white solid lines) and two photons. The trajectories of undetected neutrinos are marked as
dashed yellow lines. The LHCb display is a side view with the proton beams indicated as a white horizontal line with the interaction
point far to the left, followed by the dipole magnet (white trapezoid) and the Cherenkov detector (red lines). The area close to the
interaction point is enlarged above, showing the tracks of the charged particles produced in the pp interaction, the B

0 path (dotted
orange line), and its decay B̄0 ! D

⇤+t�n̄t with D
⇤+ ! D

0p+ and D
0 ! K

�p+, plus the µ� from the decay of a very short-lived t�.

typically produced at small angles to the beam and with high
momenta, features that determined the design of the LHCb detec-
tor [25, 26], a single arm forward spectrometer, covering the polar
angle range of 3�23 degrees. The high momentum and relatively
long B hadron lifetime result in decay distances of several cm.
Very precise measurements of the pp interaction point, combined
with the detection of charged particle trajectories from B decays
which do not intersect this point, are the very effective, primary
method to separate B decays from background.

All three experiments rely on several layers of finely seg-
mented silicon strip detectors to locate the beam-beam interaction
point and decay vertices of long-lived particles. A combination
of silicon strip detectors and multiple layers of gaseous detec-
tors measure the trajectories of charged particles, and determine
their momenta from the deflection in a magnetic field. Examples
of reconstructed signal events recorded by the LHCb and Belle
experiments are shown in Figure 2.

For a given momentum, charged particles of different masses,
primarily pions and kaons, are identified by their different ve-
locities. All three experiments make use of devices which sense
Cherenkov radiation, emitted by particles with velocities that ex-
ceed the speed of light in a chosen radiator material. For lower
velocity particles, Belle complements this with time-of-flight
measurements. BABAR and Belle also measure the velocity-
dependent energy loss due to ionization in the tracking detectors.
Arrays of cesium iodide crystals measure the energy of photons

and identify electrons in BABAR and Belle. Muons are identified
as particles penetrating a stack of steel absorbers interleaved with
large area gaseous detectors.

Measurements of B
� ! t�nt decays

The decays B
� ! t�nt with two or three neutrinos in the final

state have only been observed by BABAR and Belle. These
two experiments exploit the BB pair production at the ° (4S)
resonance via the process e

+
e
� !° (4S) ! BB. These BB pairs

can be tagged by the reconstruction of a hadronic or semileptonic
decay of one of the two B mesons, referred to as Btag. If this
decay is correctly reconstructed, all remaining particles in the
event originate from the other B decay.

BABAR and Belle have independently developed two sets of
algorithms to tag BB events. The hadronic tag algorithms [27, 28]
search for the best match between one of more than a thousand
possible decay chains and a subset of all detected particles in
the event. The efficiency for finding a correctly matched Btag is
unfortunately quite small, 0.3%. The benefit of reconstructing
all final state particles is that the total energy, Emiss, and vector
momentum, ~pmiss, of all undetected particles of the other B decay
can be inferred from energy and momentum conservation. The
invariant mass squared of all undetected particles, m

2
miss = E

2
miss�

~p2
miss, is used to distinguish events with one neutrino (m2

miss ⇡ 0)
from events with multiple neutrinos or other missing particles
(m2

miss > 0).
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• b—>s transitions have always played a prominent role in the 
LHCb physics programme, e.g. from our Wikipedia page:
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b ! s`` transitions

• Fully reconstructed with charged final states is bread and butter 
for LHCb. 

• Only a real challenge if they are extraordinary rare (e.g. Bs—
>µµ).



Patrick Owen Particle flavour fever school

• Example decays should result in low energy hadrons in order to 
get good theory predictions.
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Example decays

• Unlike CC decays, get spikes in the distribution, typically we veto 
these so that we are dominated by the semileptonic decay.

› Differential branching fractions of B0→K(*)0µµ, B+→K(*)+µµ, Bs→fµµ,
B+→p+µµ and Lb→Lµµ
» Presence of hadronic uncertainties in theory predictions

› Angular analyses of B→K(*)µµ, Bs→fµµ, B0→K*0ee and Lb→Lµµ
» Define observables with smaller theory uncertainties

› Test of Lepton Flavour Universality in B+→K+ll and B0→K*0ll
» Cancellation of hadronic uncertainties in theory predictions

Shopping List

CERN SeminarSimone Bifani 5

Different q2 regions probe 
different processes

In the OPE framework the  
short-distance contribution is 

described by Wilson coefficients 

B+ ! K+µ+µ�

• e.g. 

•      

•       

•       

•      B0 ! K⇤0µ+µ�

B0
s ! �µ+µ�

⇤0
b ! ⇤0µ+µ�
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Branching fraction 
• Is NP affecting the rate of these decays? 

• Measure the branching fraction as a function of q2.
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• Take the most experimentally appealing signature (muons and 
charged hadrons).

Theoretical overview 11

Figure 2.3: The B0
! K⇤0µ+µ� decay in the lowest order SM diagrams. The left is the penguin diagram,

which contributes to the Wilson coe�cients C7,9,10. The right is the box diagram, which
contributes to C9,10.

where e and g are the coupling strengths of the electromagnetic and weak forces, �µ⌫ are the

Pauli spin matrices, F
µ⌫ is the electromagnetic field strength tensor and PL,R are the left- and

right-handed projection operators. The operator O7 is the electromagnetic operator, corresponding

to the emission of a photon from the loop. The operators O9 and O10 are the semi-leptonic vector

and axial-vector operators and correspond to the Z penguin and W box diagrams. The primed

operators are those with opposite chirality whose Wilson coe�cients are suppressed by the factor

ms/mb in the SM, relative to the unprimed ones.

Another set of operators can be defined as

O
q

1
= (s̄iqj)V �A(q̄jbi)V �A O

q

2
= (s̄iqi)V �A(q̄jbj)V �A

O3 = (s̄ibi)V �A

X

q

(q̄jqj)V �A O4 = (s̄ibj)V �A

X

q

(q̄jqi)V �A

O5 = (s̄ibi)V �A

X

q

(q̄jqj)V +A O6 = (s̄ibj)V �A

X

q

(q̄jqi)V +A

O8 = �
gsmb

8⇡2
s̄� · G(1 + �5)b (2.20)
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• At LHCb we normalise to the corresponding J/ψ decay mode.
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Normalisation

5 Branching fraction normalisation

Each signal mode is normalised with respect to its corresponding B! J/ K(⇤) channel,
where the J/ resonance decays into two muons. These normalisation channels have
branching fractions that are approximately two orders of magnitude higher than those
of the signal channels. Each normalisation channel has similar kinematic properties and
the same final-state particles as the signal modes. This results in an almost complete
cancellation of systematic uncertainties when measuring the ratio of branching fractions of
the signal mode with the corresponding normalisation channel. Separate normalisations for
the long and downstream K0

S reconstruction categories are used to further cancel potential
sources of systematic uncertainty.

Corrections to the IP resolution, PID variables and B candidate kinematic properties
are applied to the simulated events, such that the distributions of simulated candidates from
the normalisation channels agree with the data. The simulation samples are subsequently
used to calculate the relative e�ciencies as functions of q2. The q2 dependence arises
mainly from trigger e↵ects, where the muons have increased (decreased) pT at high (low)
q2 and consequently have a higher (lower) trigger e�ciency. Furthermore, at high q2, the
hadrons are almost at rest in the B meson rest frame and, like the B meson, points back
to the PV in the laboratory frame. The IP requirements applied on the hadron have a
lower e�ciency for this region of q2. The K0

S channels have an additional e↵ect due to the
di↵erent acceptance of the two reconstruction categories; K0

S mesons are more likely to be
reconstructed in the long category if they have low momentum, which favours the high q2

region. The momentum distributions of the K0
S mesons in B0

! J/ K0
S and B+

! J/ K⇤+

decays in data and simulation for both K0
S categories are in good agreement, indicating

that the acceptance is well described in the simulation.
The measured di↵erential branching fraction averaged over a q2 bin of width q2max�q2min

is given by

dB

dq2
=

N(B! K(⇤)µ+µ�)

N(B! J/ K(⇤))
·
"(B! J/ K(⇤))

"(B! K(⇤)µ+µ�)
·
B(B! J/ K(⇤))B(J/ ! µ+µ�)

(q2max � q2min)
, (2)

where N(B! K(⇤)µ+µ�) is the number of signal candidates in the bin, N(B! J/ K(⇤))
is the number of normalisation candidates, the product of B(B! J/ K(⇤)) and
B(J/ ! µ+µ�) is the visible branching fraction of the normalisation channel, and
"(B! K(⇤)µ+µ�)/"(B! J/ K(⇤)) is the relative e�ciency between the signal and nor-
malisation channels in the bin.

6 Systematic uncertainties

The branching fraction measurements of the normalisation modes from the B-factory
experiments assume that the B+ and B0 mesons are produced with equal proportions at
the ⌥(4S) resonance [32–34]. In contrast, in this paper isospin symmetry is assumed for the
B! J/ K(⇤) decays, implying that the B+

! J/ K+ (B+
! J/ K⇤+) and B0

! J/ K0

6

• This vastly simplifies systematic uncertainties, as both signal and 
normalisation have the same final state. 

• But: we are limited by the uncertainty on  

• Good information for B+ and B0 mesons from B-factories, for Bs0 
and Λb0 branching fractions we have to do a bit more work.

B(B ! J/ K(⇤))
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• Everything is below the SM, with the 
notable exception of 
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Branching fraction results
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Figure 4. Differential branching fraction of the decay B0
s → φµ+µ−, overlaid with SM predic-

tions [4, 5] indicated by blue shaded boxes. The vetoes excluding the charmonium resonances are
indicated by grey areas.

efficiency on the underlying physics model. Its effect on the branching fraction measure-

ment is evaluated by varying the Wilson coefficient C9 used in the generation of simulated

signal events. By allowing a New Physics contribution of −1.5, which is motivated by the

global fit results in ref. [38], the resulting systematic uncertainty is found to be less than

1.6%. The selection requirements introduce a decay-time dependence of the efficiencies

which can, due to the sizeable lifetime difference in the B0
s system [39], affect the mea-

sured branching fraction [40]. The systematic uncertainty is determined with simulated

B0
s → φµ+µ− signal events, generated using time-dependent decay amplitudes as described

in ref. [12]. When varying the Wilson coefficients, the size of the effect is found to be at

most 1.6%, which is taken as the systematic uncertainty. The statistical uncertainty due to

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

The systematic uncertainties due to the parametrisation of the mass shapes are eval-

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

double Gaussian mass shape, and then fitted using both the double Gaussian as well as the

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

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

is compared with a linear mass model. The systematic uncertainties due to the modelling

of the signal and background mass shape are 2.1% and 1.6%, respectively. Peaking back-

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

systematic uncertainty are caused by contributions from the decays Λ0
b → pK−µ+µ− and

B0 → K∗0µ+µ−, resulting in systematic uncertainties of 0.2 − 2.2%, depending on the q2

bin. Finally, the uncertainty on the branching fraction of the decay J/ψ → µ+µ− amounts

to a systematic uncertainty of 0.6%. The complete list of systematic uncertainties is given

in table 2.

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

fraction of the normalisation channel is the dominant systematic uncertainty, at the level

– 8 –
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q2 bin (GeV2/c4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q2 < 0.98 1.016+0.067
�0.073 ± 0.029± 0.069

1.1 < q2 < 2.5 0.326+0.032
�0.031 ± 0.010± 0.022

2.5 < q2 < 4.0 0.334+0.031
�0.033 ± 0.009± 0.023

4.0 < q2 < 6.0 0.354+0.027
�0.026 ± 0.009± 0.024

6.0 < q2 < 8.0 0.429+0.028
�0.027 ± 0.010± 0.029

11.0 < q2 < 12.5 0.487+0.031
�0.032 ± 0.012± 0.033

15.0 < q2 < 17.0 0.534+0.027
�0.037 ± 0.020± 0.036

17.0 < q2 < 19.0 0.355+0.027
�0.022 ± 0.017± 0.024

1.1 < q2 < 6.0 0.342+0.017
�0.017 ± 0.009± 0.023

15.0 < q2 < 19.0 0.436+0.018
�0.019 ± 0.007± 0.030
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FIG. 8. ⇤b ! ⇤ µ
+

µ
� di↵erential branching fraction calculated in the Standard Model, compared to experimental data from

LHCb [28] (black points; error bars are shown both including and excluding the uncertainty from the normalization mode
⇤b ! J/ ⇤ [84]).

hdB/dq
2i hFLi hA`

FBi hA⇤
FBi hA`⇤

FBi hK̂2ssi hK̂2cci hK̂4si hK̂4sci
[0.1, 2] 0.25(23) 0.465(84) 0.095(15) �0.310(18) �0.0302(51) �0.233(19) �0.154(26) �0.009(22) 0.022(22)

[2, 4] 0.18(12) 0.848(27) 0.057(31) �0.306(24) �0.0169(99) �0.284(23) �0.0444(87) 0.031(36) 0.013(31)

[4, 6] 0.23(11) 0.808(42) �0.062(39) �0.311(17) 0.021(13) �0.282(15) �0.059(13) 0.038(44) 0.001(31)

[6, 8] 0.307(94) 0.727(48) �0.163(40) �0.316(11) 0.053(13) �0.273(10) �0.086(15) 0.030(39) �0.007(27)

[1.1, 6] 0.20(12) 0.813(32) 0.012(31) �0.309(21) �0.0027(99) �0.280(20) �0.056(10) 0.030(35) 0.009(30)

[15, 16] 0.796(75) 0.454(20) �0.374(14) �0.3069(83) 0.1286(55) �0.2253(69) �0.1633(69) �0.060(13) �0.0211(80)

[16, 18] 0.827(76) 0.417(15) �0.372(13) �0.2891(90) 0.1377(46) �0.2080(69) �0.1621(66) �0.090(10) �0.0209(60)

[18, 20] 0.665(68) 0.3706(79) �0.309(15) �0.227(10) 0.1492(37) �0.1598(71) �0.1344(70) �0.1457(74) �0.0172(40)

[15, 20] 0.756(70) 0.409(13) �0.350(13) �0.2710(92) 0.1398(43) �0.1947(68) �0.1526(65) �0.1031(97) �0.0196(55)

TABLE VII. Standard-Model predictions for the binned ⇤b ! ⇤ µ
+

µ
� di↵erential branching fraction (in units of 10�7 GeV�2)

and for the binned ⇤b ! ⇤(! p
+
⇡
�)µ+

µ
� angular observables (with unpolarized ⇤b). The first column specifies the bin ranges

[q2min, q
2
max] in units of GeV2.

The uncertainties given for the Standard-Model predictions are the total uncertainties, which include the statistical
and systematic uncertainties from the form factors (propagated to the observables using the procedure explained in
Sec. IV), the perturbative uncertainties, an estimate of quark-hadron duality violations (discussed further below),
and the parametric uncertainties from Eqs. (64), (69), and (70). For all observables considered here (but not for K̂3s

and K̂3sc), the uncertainties associated with the subleading contributions from the OPE (at high q
2) are negligible

compared to the other uncertainties. The central values of the observables were computed at the renormalization
scale µ = 4.2 GeV; to estimate the perturbative uncertainties, we varied the renormalization scale from µ = 2.1 GeV
to µ = 8.4 GeV. When doing this scale variation, we also included the renormalization-group running of the tensor
form factors from the nominal scale µ0 = 4.2 GeV to the scale µ, by multiplying these form factors with

✓
↵s(µ)

↵s(µ0)

◆��
(0)
T /(2�0)

(72)

(as in Ref. [8]), where �
(0)
T

= 2 CF = 8/3 is the anomalous dimension of the tensor current [97], and �0 = (11 Nc �

2 Nf )/3 = 23/3 is the leading-order QCD beta function [98] for 5 active flavors. Even though we did not perform
a one-loop calculation of the residual lattice-to-continuum matching factors for the tensor currents, our estimates of
the renormalization uncertainties in the tensor form factors as discussed in Sec. IV are specific for µ = 4.2 GeV, and
doing the RG running avoids a double-counting of these uncertainties. Note that the contributions of the tensor form
factors to the observables are proportional to 1/q

2 (because of the photon propagator connecting O7 to the lepton
current), and are suppressed relative to those from the vector and axial vector form factors at high q

2. At low q
2,

B0
s ! �µ+µ�B0 ! K⇤0µ+µ�
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FIG. 6. Standard-Model di↵erential branching fraction (gray band) for B ! Kµ
+
µ
� decay (left)

and B ! K⌧
+
⌧
� (right), where B denotes the isospin average, using the Fermilab/MILC form

factors [62]. Experimental results for B ! Kµ
+
µ
� are from Refs. [45, 146–148]. The BaBar, Belle,

and CDF experiments report isospin-averaged measurements.

logarithmically enhanced QED corrections.
Figure 6 plots the isospin-averaged Standard-Model di↵erential branching fractions for

B ! Kµ
+
µ
� and B ! K⌧

+
⌧
�. For B ! Kµ

+
µ
� decay, we compare our results with

the latest measurements by BaBar [148], Belle [146], CDF [147], and LHCb [45]. Tables V
and VI give the partially integrated branching fractions for the charged (B+) and neutral
(B0) meson decays, respectively, for the same q

2 bins used by LHCb in Ref. [45]. In the
regions q

2 . 1 GeV2 and 6 GeV2 . q
2 . 14 GeV2, uū and cc̄ resonances dominate the

rate. To estimate the total branching ratio, we simply disregard them and interpolate
linearly in q

2 between the QCD-factorization result at q2 ⇡ 8.5 GeV2 and the OPE result at
q
2 ⇡ 13 GeV2. Although this treatment does not yield the full branching ratio, it enables a
comparison with the quoted experimental totals, which are obtained from a similar treatment
of these regions. Away from the charmonium resonances, the Standard-Model calculation
is under good theoretical control, and the partially integrated branching ratios in the wide
high-q2 and low-q2 bins are our main results:

�B(B+ ! K
+
µ
+
µ
�)SM ⇥ 109 =

⇢
174.7(9.5)(29.1)(3.2)(2.2), 1.1 GeV2  q

2  6 GeV2
,

106.8(5.8)(5.2)(1.7)(3.1), 15 GeV2  q
2  22 GeV2

,

(4.3)

�B(B0 ! K
0
µ
+
µ
�)SM ⇥ 109 =

⇢
160.8(8.8)(26.6)(3.0)(1.9), 1.1 GeV2  q

2  6 GeV2
,

98.5(5.4)(4.8)(1.6)(2.8), 15 GeV2  q
2  22 GeV2

,

(4.4)

where the errors are from the CKM elements, form factors, variations of the high and low
matching scales, and the quadrature sum of all other contributions, respectively. LHCb’s
measurements for the same wide bins are [45]

�B(B+ ! K
+
µ
+
µ
�)exp ⇥ 109 GeV2 =

⇢
118.6(3.4)(5.9) 1.1 GeV2  q

2  6 GeV2
,

84.7(2.8)(4.2) 15 GeV2  q
2  22 GeV2

,

(4.5)
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• The backgrounds and efficiency corrections for muonic modes is 
very robust.

 8

The robustness of muons
• Fit the mass peak to obtain the signal yield and correct using the ratio 

of efficiencies.
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Beyond branching fractions
• If NP is indeed changing the branching fractions of these decays, 

expect it also to change the angular distribution.

 9

• The main decay is                      ,  why not                     or                    ?B ! K⇤µ+µ� B ! Kµ+µ� B0
s ! �µ+µ�

K+

⇡�
K⇤0 ✓K

µ+

µ�

B0

✓`

(a) ✓K and ✓` definitions for the B0 decay

µ�

µ+

K+

⇡�
B0

K⇤0
�

K+ ⇡�

n̂K⇡

�p̂K⇡

µ�

µ+

n̂µ+µ�

(b) � definition for the B0 decay

⇡+

K�
K⇤0

µ�

µ+

B0

�

K� ⇡+

n̂K⇡

� p̂K⇡

µ�

µ+

n̂µ�µ+

(c) � definition for the B0 decay

Boost into the rest frame of the B, 
and measure these angles for every 

signal candidate.
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First we write down the PDF
• The                      angular distribution can be written down as follows

 10

for q2 < 1GeV2/c4 and are therefore adopted for the full q2 range. The S1c observable
corresponds to the fraction of longitudinal polarisation of the K⇤0 meson and is therefore
more commonly referred to as FL, with

FL = S1c =
|AL

0 |2 + |AR
0 |2

|AL
0 |2 + |AR

0 |2 + |AL
k |2 + |AR

k |2 + |AL
?|2 + |AR

?|2
. (3)

It is also conventional to replace S6s by the forward-backward asymmetry of the dimuon sys-
tem AFB, with AFB = 3

4S6s. The CP -averaged angular distribution of the B0! K⇤0µ+µ�

decay can then be written as

1

d(�+ �̄)/dq2
d4(�+ �̄)

dq2 d~⌦
=

9

32⇡

h
3
4(1� FL) sin

2 ✓K + FL cos
2 ✓K

+1
4(1� FL) sin

2 ✓K cos 2✓l

�FL cos
2 ✓K cos 2✓l + S3 sin

2 ✓K sin2 ✓l cos 2�

+S4 sin 2✓K sin 2✓l cos�+ S5 sin 2✓K sin ✓l cos�

+4
3AFB sin2 ✓K cos ✓l + S7 sin 2✓K sin ✓l sin�

+S8 sin 2✓K sin 2✓l sin�+ S9 sin
2 ✓K sin2 ✓l sin 2�

i
.

(4)

Additional sets of observables, for which the leading B0 ! K⇤0 form-factor uncertainties
cancel, can be built from FL and S3–S9. Examples of such optimised observables include
the transverse asymmetry A(2)

T [23], where A(2)
T = 2S3/(1 � FL), and the P (0)

i series of
observables [24]. In this paper the notation used is

P1 =
2S3

(1� FL)
= A(2)

T ,

P2 =
2

3

AFB

(1� FL)
,

P3 =
�S9

(1� FL)
,

P 0
4,5,8 =

S4,5,8p
FL(1� FL)

,

P 0
6 =

S7p
FL(1� FL)

.

(5)

The definition of the P 0
i observables di↵ers from that of Ref. [24], but is consistent with

the notation used in the LHCb analysis of Ref. [8].
In addition to the resonant P-wave K⇤0 contribution to the K+⇡�µ+µ� final state,

the K+⇡� system 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 the six additional

3

B0 ! K⇤0`+`�

Probe observables such as the forward-
backward asymmetry (AFB) and and the fraction 
of longtitundal polarisation of the K* (FL)
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Need to correct for angular acceptance
• The requirements that the decay is reconstruction will bias the 

angular distribution.

 11
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(c) � definition for the B0 decay

• This is corrected using simulation.

High q2

Low q2
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Then we fit the distribution
• Fit the 4D distribution of mass, three angles in bins of q2. 

• We avoid fitting in q2 to preserve independence on theory.
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A tricky statistical issue
• The angular PDF is only positive in certain regions of phase-

space.

 13

Boundaries in parameter space

We talk about FL, S3 (A2
T ),

AFB (ARe
T ) and AIm (AIm

T )
being observables, but in
reality they are not
independent. They depend
on the same transversity
amplitudes.

e.g. For AFB to be large, Ak and A? must be large compared to A0 ! FL
must be small.

For the angular distribution to remain +ve definite:

AFB 
3

4
(1 � FL) , AIm 

1

2
(1 � FL) and S3 

1

2
(1 � FL)

NB these are the same transformations needed to go to the transverse
variables (ARe

T , AIm
T and A2

T ).

T. Blake Experimental prospects 21 / 29
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• Positive if:

4

The process B0 ! K⇤0µ+µ� is a flavour changing neu-
tral current decay. In the Standard Model (SM) such
decays are suppressed, as they can only proceed via loop
processes involving electroweak penguin or box diagrams.
As-yet undiscovered particles could give additional con-
tributions with comparable amplitudes, and the decay is
therefore a sensitive probe of new phenomena. A num-
ber of angular observables in B0 ! K⇤0µ+µ� decays
can be theoretically predicted with good control of the
relevant form factor uncertainties. These include the
forward-backward asymmetry of the muons, AFB, and
the fraction of longitudinal polarisation, FL, as functions
of the dimuon invariant mass squared, q2 [1]. These ob-
servables have previously been measured by the BaBar,
Belle, and CDF experiments [2]. A more precise de-
termination of AFB is of particular interest as, in the
1.00 < q2 < 6.00GeV2/c4 region, previous measurements
favour an asymmetry with the opposite sign to that ex-
pected in the SM. If confirmed, this would be an unequiv-
ocal sign of phenomena not described by the SM. This
letter presents the most precise measurements of AFB,
FL and the partial branching fraction, dB/dq2, to date.
The data used for this analysis were taken with the LHCb
detector at CERN during 2011 and correspond to an inte-
grated luminosity of 0.37 fb�1. The K⇤0 is reconstructed
through its decay into the K+⇡� final state.

The LHCb detector [3] is a single-arm spectrometer
designed to study b-hadron decays. A silicon strip ver-
tex detector positioned around the interaction region is
used to measure the trajectory of charged particles and
allows the reconstruction of the primary proton-proton
interactions and the displaced secondary vertices charac-
teristic of B-meson decays. A dipole magnetic field and
further charged particle tracking stations allow momenta
in the range 5 < p < 100GeV/c to be determined with
a precision of �p/p = 0.4–0.6%. The experiment has an
acceptance for charged particles with pseudorapidity be-
tween 2 and 5. Two ring imaging Cherenkov (RICH) de-
tectors allow kaons to be separated from pions or muons
over a momentum range 2 < p < 100GeV/c. Muons are
identified on the basis of the number of hits in detectors
interleaved with an iron muon filter.

The B0 ! K⇤0µ+µ� angular distribution is governed
by six q2-dependent transversity amplitudes. The decay
can be described by q2 and the three angles ✓l, ✓K , �.
For the B0 (B0), ✓l is the angle between the µ+ (µ�) and
the opposite of the B0 (B0) direction in the dimuon rest
frame, ✓K the angle between the kaon and the direction
opposite to the B meson in the K⇤0 rest frame, and � the
angle between the µ+µ� and K+⇡� decay planes in the
B rest frame. The inclusion of charge conjugate modes is
implied throughout this letter. At a given q2, neglecting
the muon mass, the normalised partial di↵erential width
integrated over ✓K and � is

1

�

d2�

d cos ✓l dq2
=

3

4
FL(1� cos2 ✓l) +

3

8
(1� FL)(1 + cos2 ✓l) +AFB cos ✓l (1)

and integrated over ✓l and � it is

1

�

d2�

d cos ✓K dq2
=

3

2
FL cos

2 ✓K +

3

4
(1� FL)(1� cos2 ✓K). (2)

These expressions do not include any broad S-wave con-
tribution to the B0 ! K+⇡�µ+µ� decay and any con-
tribution from low mass tails of higher K⇤0 resonances.
These contributions are assumed to be small and are ne-
glected in the rest of the analysis.
Signal candidates are isolated from the background us-

ing a set of selection criteria which are detailed below. An
event-by-event weight is then used to correct for the bias
induced by the reconstruction, trigger and selection crite-
ria. In order to extract AFB and FL, simultaneous fits are
made to the K+⇡�µ+µ� invariant mass distribution and
the angular distributions. The partial branching fraction
is measured by comparing the e�ciency corrected yield
of B0! K⇤0µ+µ� decays to the yield of B0! J/ K⇤0,
where J/ ! µ+µ�.
Candidate B0! K⇤0µ+µ� events are first required to

pass a hardware trigger which selects muons with a trans-
verse momentum, pT > 1.48GeV/c. In the subsequent
software trigger, at least one of the final state particles is
required to have both pT > 0.8GeV/c and impact param-
eter > 100 µm with respect to all of the primary proton-
proton interaction vertices in the event [4]. Finally, the
tracks of two or more of the final state particles are re-
quired to form a vertex which is significantly displaced
from the primary vertices in the event [5].
In the final event selection, candidates

with K+⇡�µ+µ� invariant mass in the range
5100 < mK+⇡�µ+µ� < 5600MeV/c2 and K+⇡� in-
variant mass in the range 792 < mK+⇡� < 992MeV/c2

are accepted. Two types of backgrounds are then
considered: combinatorial backgrounds, where the
particles selected do not come from a single b-hadron
decay; and peaking backgrounds, where a single de-
cay is selected but with some of the particle types
mis-identified. In addition, the decays B0! J/ K⇤0

and B0!  (2S)K⇤0, where J/ , (2S) ! µ+µ�, are
removed by rejecting events with dimuon invariant mass,
mµ+µ� , in the range 2946 < mµ+µ� < 3176MeV/c2 or
3586 < mµ+µ� < 3776MeV/c2.

The combinatorial background, which is smoothly
distributed in the reconstructed K+⇡�µ+µ� invariant
mass, is reduced using a Boosted Decision Tree (BDT).
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This is not normally an issue
• Background can sometimes save you from these issues.
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8 (b) LHCb• Heres an example of the 
data preferring a negative 
signal PDF, but the total 
PDF staying positive.

• For the angular analysis, however, its often impossible to keep the total 
PDF positive, which causes the uncertainties to be badly behaved.
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Coverage issues
• Frequentist coverage is defined as the probability that the true value 

µ is contained within a confidence interval, you want this to be 68%. 
• If its above 68%, you are said to overcover, you are too 

conservative. 
• If its below, you are too aggressive (not a good situation to be in).
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Figure 7.13: Confidence intervals obtained for the FFI angular observables in the 0.10<
q2 < 2.00GeV2/c4 q2 bin using the FC technique and using the profile likelihood. The
profile likelihood (black solid histogram), the distribution of p-values produced by the
FC technique (grey shaded histogram) are shown with the confidence intervals from the
profile likelihood (black dot-dashed line) and from the FC technique (black dashed line)
indicated.
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• Instead of relying on the likelihood 
to give you the uncertainty, throw 
toys to tell you how often you get a 
DLL worse than one at the point in 
the data.
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Results
• Once that’s sorted, add the systematics (small) and compare to theory.
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from one observable …
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P5’
• Cancel leading form factor uncertainties by constructing ‘optimised 

observables’ (P observables).

 17

for q2 < 1GeV2/c4 and are therefore adopted for the full q2 range. The S1c observable
corresponds to the fraction of longitudinal polarisation of the K⇤0 meson and is therefore
more commonly referred to as FL, with

FL = S1c =
|AL

0 |2 + |AR
0 |2

|AL
0 |2 + |AR

0 |2 + |AL
k |2 + |AR

k |2 + |AL
?|2 + |AR

?|2
. (3)

It is also conventional to replace S6s by the forward-backward asymmetry of the dimuon sys-
tem AFB, with AFB = 3

4S6s. The CP -averaged angular distribution of the B0! K⇤0µ+µ�

decay can then be written as

1

d(�+ �̄)/dq2
d4(�+ �̄)

dq2 d~⌦
=

9

32⇡

h
3
4(1� FL) sin

2 ✓K + FL cos
2 ✓K

+1
4(1� FL) sin

2 ✓K cos 2✓l

�FL cos
2 ✓K cos 2✓l + S3 sin

2 ✓K sin2 ✓l cos 2�

+S4 sin 2✓K sin 2✓l cos�+ S5 sin 2✓K sin ✓l cos�

+4
3AFB sin2 ✓K cos ✓l + S7 sin 2✓K sin ✓l sin�

+S8 sin 2✓K sin 2✓l sin�+ S9 sin
2 ✓K sin2 ✓l sin 2�

i
.

(4)

Additional sets of observables, for which the leading B0 ! K⇤0 form-factor uncertainties
cancel, can be built from FL and S3–S9. Examples of such optimised observables include
the transverse asymmetry A(2)

T [23], where A(2)
T = 2S3/(1 � FL), and the P (0)

i series of
observables [24]. In this paper the notation used is

P1 =
2S3

(1� FL)
= A(2)

T ,

P2 =
2

3

AFB

(1� FL)
,

P3 =
�S9

(1� FL)
,

P 0
4,5,8 =

S4,5,8p
FL(1� FL)

,

P 0
6 =

S7p
FL(1� FL)

.

(5)

The definition of the P 0
i observables di↵ers from that of Ref. [24], but is consistent with

the notation used in the LHCb analysis of Ref. [8].
In addition to the resonant P-wave K⇤0 contribution to the K+⇡�µ+µ� final state,

the K+⇡� system 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 the six additional

3
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• Discrepancy just below the J/ψ peak.
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Coherent pattern?

• Something appears to be negatively interfering with the SM b->sll 
decay amplitude, with a vector like coupling to the leptons.

 18

• If the P5’ discrepancy is due to NP, it would also cause the 
branching fractions to be lower than the SM.
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FIG. 6. Standard-Model di↵erential branching fraction (gray band) for B ! Kµ
+
µ
� decay (left)

and B ! K⌧
+
⌧
� (right), where B denotes the isospin average, using the Fermilab/MILC form

factors [62]. Experimental results for B ! Kµ
+
µ
� are from Refs. [45, 146–148]. The BaBar, Belle,

and CDF experiments report isospin-averaged measurements.

logarithmically enhanced QED corrections.
Figure 6 plots the isospin-averaged Standard-Model di↵erential branching fractions for

B ! Kµ
+
µ
� and B ! K⌧

+
⌧
�. For B ! Kµ

+
µ
� decay, we compare our results with

the latest measurements by BaBar [148], Belle [146], CDF [147], and LHCb [45]. Tables V
and VI give the partially integrated branching fractions for the charged (B+) and neutral
(B0) meson decays, respectively, for the same q

2 bins used by LHCb in Ref. [45]. In the
regions q

2 . 1 GeV2 and 6 GeV2 . q
2 . 14 GeV2, uū and cc̄ resonances dominate the

rate. To estimate the total branching ratio, we simply disregard them and interpolate
linearly in q

2 between the QCD-factorization result at q2 ⇡ 8.5 GeV2 and the OPE result at
q
2 ⇡ 13 GeV2. Although this treatment does not yield the full branching ratio, it enables a
comparison with the quoted experimental totals, which are obtained from a similar treatment
of these regions. Away from the charmonium resonances, the Standard-Model calculation
is under good theoretical control, and the partially integrated branching ratios in the wide
high-q2 and low-q2 bins are our main results:

�B(B+ ! K
+
µ
+
µ
�)SM ⇥ 109 =

⇢
174.7(9.5)(29.1)(3.2)(2.2), 1.1 GeV2  q

2  6 GeV2
,

106.8(5.8)(5.2)(1.7)(3.1), 15 GeV2  q
2  22 GeV2

,

(4.3)

�B(B0 ! K
0
µ
+
µ
�)SM ⇥ 109 =

⇢
160.8(8.8)(26.6)(3.0)(1.9), 1.1 GeV2  q

2  6 GeV2
,

98.5(5.4)(4.8)(1.6)(2.8), 15 GeV2  q
2  22 GeV2

,

(4.4)

where the errors are from the CKM elements, form factors, variations of the high and low
matching scales, and the quadrature sum of all other contributions, respectively. LHCb’s
measurements for the same wide bins are [45]

�B(B+ ! K
+
µ
+
µ
�)exp ⇥ 109 GeV2 =

⇢
118.6(3.4)(5.9) 1.1 GeV2  q

2  6 GeV2
,

84.7(2.8)(4.2) 15 GeV2  q
2  22 GeV2

,

(4.5)
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Figure 4. Differential branching fraction of the decay B0
s → φµ+µ−, overlaid with SM predic-

tions [4, 5] indicated by blue shaded boxes. The vetoes excluding the charmonium resonances are
indicated by grey areas.

efficiency on the underlying physics model. Its effect on the branching fraction measure-

ment is evaluated by varying the Wilson coefficient C9 used in the generation of simulated

signal events. By allowing a New Physics contribution of −1.5, which is motivated by the

global fit results in ref. [38], the resulting systematic uncertainty is found to be less than

1.6%. The selection requirements introduce a decay-time dependence of the efficiencies

which can, due to the sizeable lifetime difference in the B0
s system [39], affect the mea-

sured branching fraction [40]. The systematic uncertainty is determined with simulated

B0
s → φµ+µ− signal events, generated using time-dependent decay amplitudes as described

in ref. [12]. When varying the Wilson coefficients, the size of the effect is found to be at

most 1.6%, which is taken as the systematic uncertainty. The statistical uncertainty due to

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

The systematic uncertainties due to the parametrisation of the mass shapes are eval-

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

double Gaussian mass shape, and then fitted using both the double Gaussian as well as the

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

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

is compared with a linear mass model. The systematic uncertainties due to the modelling

of the signal and background mass shape are 2.1% and 1.6%, respectively. Peaking back-

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

systematic uncertainty are caused by contributions from the decays Λ0
b → pK−µ+µ− and

B0 → K∗0µ+µ−, resulting in systematic uncertainties of 0.2 − 2.2%, depending on the q2

bin. Finally, the uncertainty on the branching fraction of the decay J/ψ → µ+µ− amounts

to a systematic uncertainty of 0.6%. The complete list of systematic uncertainties is given

in table 2.

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

fraction of the normalisation channel is the dominant systematic uncertainty, at the level

– 8 –
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/G

eV
4 c [2 q

/dB
 d

0

0.05

0.1

0.15
6−10×
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q2 bin (GeV2/c4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q2 < 0.98 1.016+0.067
�0.073 ± 0.029± 0.069

1.1 < q2 < 2.5 0.326+0.032
�0.031 ± 0.010± 0.022

2.5 < q2 < 4.0 0.334+0.031
�0.033 ± 0.009± 0.023

4.0 < q2 < 6.0 0.354+0.027
�0.026 ± 0.009± 0.024

6.0 < q2 < 8.0 0.429+0.028
�0.027 ± 0.010± 0.029

11.0 < q2 < 12.5 0.487+0.031
�0.032 ± 0.012± 0.033

15.0 < q2 < 17.0 0.534+0.027
�0.037 ± 0.020± 0.036

17.0 < q2 < 19.0 0.355+0.027
�0.022 ± 0.017± 0.024

1.1 < q2 < 6.0 0.342+0.017
�0.017 ± 0.009± 0.023

15.0 < q2 < 19.0 0.436+0.018
�0.019 ± 0.007± 0.030

12
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A SM complication
• Unfortunately, there is also a SM contribution which can negatively 

interfere with the semileptonic amplitude.

 19

The problem
• Additional diagrams contribute to b—>sll decays.

5

u u

b̄ s̄

s̄

s

ū, c̄, t̄

W+

B+ K+

�

These diagrams cannot be factorised - large uncertainties in 
the size and phase w.r.t short distance.

These diagrams interfere with penguin diagram and can 
mimic NP.
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decays
• This contribution is very difficult to calculate as it is fully hadronic.

Effect on angular observables
⌘ Scan over all values of ✓0

j (bands), accounting for FF uncertainties
(width of band)

Figure 3: Distributions of the angular observables P �
5, AFB S7, and FL as a function of

q2 for regions below (left) and above (right) the open charm threshold (cyan). Specific
choices are highlighted for �0

j = 0 (hatched band) and �0
j = � (dark band). The measured

values of the observables from Ref. [49] are also shown (black points). The theoretical
predictions (magenta band) using flavio [48] are shown for comparison.

is shown in Fig. 2), the tension of the prediction with the measured value of P �
5 cannot be

explained solely through hadronic e�ects.

4.1 Sensitivity to CP violation

The model of the hadronic resonance contributions to B0 ! K⇤0µ+µ� decays described
in this paper provides a prediction for the strong phase di�erences involved in these
transitions. Direct CP violation will arise when there are interfering amplitudes that have
di�erent weak phases as well as di�erent strong phases, as discussed within the context of
B� ! K�µ+µ� and B� ! ��µ+µ� decays in Refs. [21, 50]. Therefore, it is interesting to
study the e�ect that potential weak phases beyond the SM have on angular observables
such as the direct CP asymmetry ACP , defined as

ACP =

d�(B ! K⇤µ+µ�)

dq2
� d�(B ! K⇤µ+µ�)

dq2

d�(B ! K⇤µ+µ�)

dq2
+

d�(B ! K⇤µ+µ�)

dq2

, (12)

9

⌘ S7 is extremely sensitive to strong phases and even with Run1 data can
already rule out certain configurations

K.A. Petridis (UoB) b2s`` February 2018 b2s`` 2018 6 / 9

Blake et al, Eur. Phys. J. C (2018) 78: 453



Patrick Owen Particle flavour fever school

Handles with data
• We have tried experimentally to control this in                     decays. 

 20

• No big effect from charmonium resonances seen, but model assumes 
a Breit-Wigner and only has a finite number of resonances included.
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Lepton universality
• If we still can’t come to a consensus, we can compare muons and 

electrons to see if the same discrepancies appear there. 

• First test the BF disprenacies by measuring R ratios.

B0 K⇤0

�, Z0

W�

b̄

d

µ+

µ�

s̄

d

ū, c̄, t̄

/e-

/e+

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)

Strategy
› RK*º determined as double ratio to reduce systematic effects

› Selection as similar as possible between µµµµ and ee
» Pre-selection requirements on trigger and quality of the candidates
» Cuts to remove the peaking backgrounds
» Particle identification to further reduce the background
»Multivariate classifier to reject the combinatorial background
» Kinematic requirements to reduce the partially-reconstructed backgrounds
»Multiple candidates randomly rejected (1-2%)

› Efficiencies
» Determined using simulation, but tuned using data

Simone Bifani 14CERN Seminar

• Again normalise to simplify systematics (also                        cancels).B(B ! J/ K(⇤))

• Muon and electron masses small 
compared to b-quark: RK(*) ~ 1
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The problem with electrons
• The main issue with electrons is their tendency to bremsstrahlung 

• In addition, trigger and reconstruction efficiency worse for electrons 

• Electrons are more easily swept away by the magnet. 

• High ET ECAL cluster less distinguishing than a high PT muon. 

• Rule of thumb: lose a factor three in signal when exchanging a muon with 
an electron.

Bremsstrahlung − I
› Electrons emit a large amount of bremsstrahlung that results in
degraded momentum and mass resolutions

› Two types of bremsstrahlung

CERN SeminarSimone Bifani 11

Upstream
brem

Downstream
brem

» Downstream of the magnet
- photon energy in the same
calorimeter cell as the electron
- momentum correctly measured

» Upstream of the magnet
- photon energy in different
calorimeter cells than electron
- momentum evaluated after
bremsstrahlung

Air

• Easier to confuse signal and background, 
due to a widening of the mass resolution.

• Also get more FSR from electrons, but this is 
generally a smaller effect and is reproduced 
fairly well in our simulation (< 1% effect).
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Bremsstrahlung issues

 23
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Figure 2: Number of candidates for B0! K⇤0`+`� final states with (left) muons and (right)
electrons as a function of the di-lepton invariant mass squared, q2, and the four-body invariant
mass of the B0. In each plot, the empty region at the top left corresponds to the kinematic limit
of the B0! K⇤0`+`� decay, while the empty region at the top right to the requirement that
rejects the B+! K+`+`� background (see Sec 6).

5 Selection of signal candidates195

A B
0 candidate is formed from a pair of well-reconstructed oppositely charged particles196

identified as either muons or electrons, combined with two well-reconstructed oppositely197

charged particles, one identified as a kaon and the other as a pion. All four final-state198

particles must contain hits in at least the vertex detector and the downstream tracking199

stations. The K
+
⇡
� invariant mass is required to be within 100MeV/c

2 of the known200

K
⇤0 mass. The kaon and pion must have pT exceeding 250 MeV/c, while for the muons201

(electrons) pT > 800 (500) MeV/c is required. Only di-lepton pairs with a good-quality202

vertex are used to form signal candidates. The K
⇤0 meson and `

+
`
� pair are required203

to originate from a common vertex in order to form a B
0 candidate. When more than204

one PV is reconstructed, the one with the smallest �
2
IP is selected, where the �

2
IP is the205

di↵erence in �
2 of a given PV reconstructed with and without the considered B

0 candidate.206

With respect to the selected PV, the impact parameter of the B
0 candidate is required207

to be small, its decay vertex significantly displaced, and the momentum direction of the208

B
0 is required to be consistent with its direction of flight. This direction is inferred from209

the vector between the PV and decay vertex. The distribution of q
2 as a function of the210

four-body invariant mass for the B
0 candidates is shown in Fig. 2 for both muon and211

electron final states.212

The B
0 mass resolution and the contributions of signal and backgrounds depend on213

the way in which the event was triggered. For this reason, the data sample of decay modes214

involving an e
+
e
� pair is divided into three mutually exclusive categories, which in order215

of precedence are: events for which one of the electrons from the B
0 decay satisfies the216

hardware electron trigger (L0E), events for which one of the hadrons from the K
⇤0 decay217

meets the hardware hadron trigger (L0H) requirements, and events triggered by activity in218

7

• Get background from the J/ψ and ψ(2S) leaking into signal region.

JHEP 08 (2017) 055

http://dx.doi.org/10.1007/JHEP08(2017)055
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Part-Reco Background − I

Simone Bifani 19

› Partially-reconstructed backgrounds arise from decays involving higher
K resonances with one or more decay products in addition to a Kp pair
that are not reconstructed
› Large variety of decays, most abundant due to B→K1(1270)ee and

B→K2
*(1430)ee

CERN Seminar

Bremsstrahlung issues
• Easier to confuse signal with ‘partially reconstructed’ 

background.
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Figure 3: Fit to the m(K+⇡�µ+µ�) invariant mass of (top) B0! K⇤0µ+µ� and (bottom)
B0! K⇤0J/ (! µ+µ�) candidates. The dashed line is the signal PDF, the shaded shapes are
the background PDFs and the solid line is the total PDF.

bremsstrahlung in the detector. Bin migration amounts to about 1% and 5% in the low-370

and central-q2 regions, respectively.371

The e�ciency ratios between the nonresonant and the resonant modes, "`+`�/"J/ (`+`�),372

which directly enter in the RK⇤0 measurement, are reported in Table 3. Due to strong373

dependence of the hardware trigger on the decay kinematics, the ratio of the L0H trigger374

category is largest.375

9 Cross-checks376

A large number of cross-checks were performed before unblinding the result and these are377

discussed below.378

• The control of the absolute scale of the e�ciencies is tested by measuring the ratio379

of the branching fraction of the muon and electron resonant channels380
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Figure 4: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� and (bottom)
B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal PDF, the shaded shapes are
the background PDFs and the solid line is the total PDF.

Table 3: E�ciency ratios between the nonresonant and resonant modes, "`+`�/"J/ (`+`�), for the
muon and electron channels. The uncertainties are statistical only.

"`+`�/"J/ (`+`�)

low-q2
central-q2

µ
+
µ
� 0.679 ± 0.009 0.584 ± 0.006

e
+
e
� (L0E) 0.539 ± 0.013 0.522 ± 0.010

e
+
e
� (L0H) 2.252 ± 0.098 1.627 ± 0.066

e
+
e
� (L0I) 0.789 ± 0.029 0.595 ± 0.020

which is expected to be equal to unity. This quantity represents an extremely381

stringent test, as it does not benefit from the large cancellation of the experimental382

systematic e↵ects provided by the double ratio. The rJ/ ratio is measured to383

be 1.043 ± 0.006 ± 0.045, where the first uncertainty is statistical and the second384

13
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Measurement at LHCb
• Results use run 1 data - 3fb-1 of luminosity.

 25

• Fit B mass in low and central q2 regions:

0.045 < q2 < 1.1GeV2/c4 1.1 < q2 < 6.0GeV2/c4
‘low’ region ‘central’ region

LHCb-PAPER-2017-013, arXiv:1705.05802
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Figure 4: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� and (bottom)
B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal PDF, the shaded shapes are
the background PDFs and the solid line is the total PDF.

Table 3: E�ciency ratios between the nonresonant and resonant modes, "`+`�/"J/ (`+`�), for the
muon and electron channels. The uncertainties are statistical only.

"`+`�/"J/ (`+`�)

low-q2
central-q2

µ
+
µ
� 0.679 ± 0.009 0.584 ± 0.006

e
+
e
� (L0E) 0.539 ± 0.013 0.522 ± 0.010

e
+
e
� (L0H) 2.252 ± 0.098 1.627 ± 0.066

e
+
e
� (L0I) 0.789 ± 0.029 0.595 ± 0.020

which is expected to be equal to unity. This quantity represents an extremely381

stringent test, as it does not benefit from the large cancellation of the experimental382

systematic e↵ects provided by the double ratio. The rJ/ ratio is measured to383

be 1.043 ± 0.006 ± 0.045, where the first uncertainty is statistical and the second384
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Correcting for efficiency

• The double ratio means that only efficiency differences due to 
kinematics can affect the result.  

• Simulation is also corrected for using control samples. 

• If these corrections are not used, the result only changes 
by 5%.

 26

Trigger

Simone Bifani 13

» L0 Electron: electron hardware trigger fired
by clusters associated to at least one of the
two electrons (ET > 2.5 GeV)

» L0 Hadron: hadron hardware trigger fired
by clusters associated to at least one of the
K*0 decay products (ET > 3.5 GeV)

» L0 TIS: any hardware trigger fired by
particles in the event not associated to the
signal candidate

› Trigger system split in hardware (L0) and software (HLT) stages
› Due to higher occupancy of the calorimeters compared to the muon
stations, hardware thresholds on the electron ET are higher than on the
muon pT (L0 Muon, pT>1.5,1.8 GeV)

› To partially mitigate this effect, 3 exclusive trigger categories are
defined

CERN Seminar

• Split data depending on how event was 
triggered. 

• Important for cross-checks.
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Results

 27

• Take ratio of signal yields and correct for efficiency to get         .

• LHCb results are 2.6 (RK), 2.4 and 2.2σ from the SM predictions and 
all in the same direction. 

• Error dominated by the statistical uncertainty.

�

-FQUPO VOJWFSTBMJUZ UFTU

• %PFT UIF /1 DPVQMF FRVBMMZ UP BMM ùBWPVST 

• $IBMMFOHJOH BOBMZTJT EVF UP CSFNTTUSBIMVOH�
• .JHSBUJPO PG FWFOUT NPEFMFE CZ .$�
• $PSSFDU GPS CSFNTTUSBIMVOH�
• 5BLF EPVCMF SBUJP XJUI B+→ J/ψK+ UP

DBODFM TZTUFNBUJDT�
• *O 3fb−1 -)$C NFBTVSFT
RK = 0.745+0.090−0.074(stat.)

+0.036
−0.036(syst.)

• $POTJTUFOU XJUI 4. BU 2.6σ�
• 4FF NPSF EFUBJMT JO 3BGBFMT BOE .BSUJOPT

UBMLT�

• 1IZT� 3FW� -FUU� ��� ������
	����


Marcin Chrząszcz 	6OJWFSTJU¢U ;ºSJDI *'+ 1"/
 3BSF # %FDBZT� 5IFPSZ BOE &YQFSJNFOU ���� ��������

��/��

LHCb: Phys. Rev. Lett. 113, 151601 (2014)
BaBar: Phys. Rev. D 86,032012 (2012)

Belle: Phys. Rev. Lett. 103,171801 (2009)

RK(⇤)

Results − II

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

Simone Bifani 33CERN Seminar
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› The measured values of RK*º are found to be in good agreement among
the three trigger categories in both q2 regions
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Results − I
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low-q2 central-q2

CERN Seminar

is assessed by incorporating a resolution e↵ect that takes into account the di↵erence between
the mass shape in simulated events for B+

! J/ (! e
+
e
�)K+ and B

+
! K

+
e
+
e
� decays and

contributes a relative systematic uncertainty of 3% to the value of RK .
The e�ciency to select B+

! K
+
µ
+
µ
�, B+

! K
+
e
+
e
�, B+

! J/ (! µ
+
µ
�)K+ and B

+
!

J/ (! e
+
e
�)K+ decays is the product of the e�ciency to reconstruct the final state particles.

This includes the geometric acceptance of the detector, the trigger and the selection e�ciencies.
Each of these e�ciencies is determined from simulation and is corrected for known di↵erences
relative to data. The use of the double ratio of decay modes ensures that most of the possible
sources of systematic uncertainty cancel when determining RK . Residual e↵ects from the trigger
and the particle identification that do not cancel in the ratio arise due to di↵erent final-state
particle kinematic distributions in the resonant and non resonant dilepton mass region.

The dependence of the particle identification on the kinematic distributions contributes a
systematic uncertainty of 0.2% to the value of RK . The e�ciency associated with the hardware
trigger on B

+
! J/ (! e

+
e
�)K+ and B

+
! K

+
e
+
e
� decays depends strongly on the kinematic

properties of the final state particles and does not entirely cancel in the calculation of RK , due
to di↵erent electron and muon trigger thresholds. The e�ciency associated with the hardware
trigger is determined using simulation and is cross-checked using B

+
! J/ (! e

+
e
�)K+ and

B
+
! J/ (! µ

+
µ
�)K+ 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 di↵erence between data and simulation in the ratio of trigger e�ciencies between the
B

+
! K

+
`
+
`
� and B

+
! J/ (! `

+
`
�)K+ 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 e�ciency to reconstruct, select and identify an electron is around 50% lower than
the e�ciency for a muon. The total e�ciency in the range 1 < q

2
< 6GeV2

/c
4 is also lower for

B
+
! K

+
`
+
`
� decays than the e�ciency for the B

+
! J/ (! `

+
`
�)K+ decays, due to the softer

lepton momenta in this q2 range.
The ratio of e�ciency-corrected yields of B+

! K
+
e
+
e
� to B

+
! J/ (! e

+
e
�)K+ is deter-

mined separately for each type of hardware trigger and then combined with the ratio of e�ciency-
corrected yields for the muon decays. RK is measured to have a value of 0.72+0.09

�0.08 (stat)±0.04 (syst),
1.84+1.15

�0.82 (stat)± 0.04 (syst) and 0.61+0.17
�0.07 (stat)± 0.04 (syst) for dielectron events triggered by elec-

trons, the kaon or other particles in the event, respectively. Sources of systematic 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
e�ciencies, gives

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

The dominant sources of systematic uncertainty are due to the parameterization of the B
+
!

J/ (! e
+
e
�)K+ mass distribution and the estimate of the trigger e�ciencies that both contribute

3% to the value of RK .
The branching fraction of B+

! K
+
e
+
e
� is determined in the region from 1 < q

2
< 6GeV2

/c
4

by taking the ratio of the branching fraction from B
+
! K

+
e
+
e
� and B

+
! J/ (! e

+
e
�)K+

decays and multiplying it by the measured value of B(B+
! J/ K

+) and J/ ! e
+
e
� [11]. The

7

LHCb-PAPER-2017-013
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What should we worry about?

 28

• The master formula:

RK =

N(Ke+e�)
N(KJ/ )ee
N(Kµ+µ�)
N(KJ/ )µµ

✏relµµ

✏relee
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What should we worry about?

 29

• The master formula:

RK =

N(Ke+e�)
N(KJ/ )ee
N(Kµ+µ�)
N(KJ/ )µµ

✏relµµ

✏relee

• My opinion:

N(KJ/ )µµ ! N(KJ/ )ee ! N(Kµ+µ�) ! ✏relµµ ! N(Ke+e�) ! ✏relee

Easier Harder 
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Cross-checks
• Most powerful cross-check for efficiency, measure single ratio 

for the J/ψ modes.

 30

Cross-Checks − I
› Control of the absolute scale of the efficiencies via the ratio

which is expected to be unity and measured to be

› Result observed to be reasonably flat as a function of the decay
kinematics and event multiplicity

› Extremely stringent test, which does not benefit from the cancellation
of the experimental systematics provided by the double ratio

Simone Bifani 23CERN Seminar

Cross-Checks − I
› Control of the absolute scale of the efficiencies via the ratio

which is expected to be unity and measured to be

› Result observed to be reasonably flat as a function of the decay
kinematics and event multiplicity

› Extremely stringent test, which does not benefit from the cancellation
of the experimental systematics provided by the double ratio

Simone Bifani 23CERN Seminar

=

Cross-Checks − II
› BR(B0→K*0µµµµ) in good agreement with [arXiv:1606.04731]

› If corrections to simulations are not accounted for, the ratio of the
efficiencies changes by less than 5%

› Further checks performed by measuring the following ratios

which are found to be compatible with the expectations

CERN SeminarSimone Bifani 24

Cross-Checks − II
› BR(B0→K*0µµµµ) in good agreement with [arXiv:1606.04731]

› If corrections to simulations are not accounted for, the ratio of the
efficiencies changes by less than 5%

› Further checks performed by measuring the following ratios

which are found to be compatible with the expectations

CERN SeminarSimone Bifani 24

Other cross-checks include other double ratios who’s precision is known.

Both of which are found to be compatible with expectations. 

LHCb-PAPER-2017-013
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Cross-checks (II)
• Compare bremsstrahlung/trigger categories between data and 

simulation.

 31

Cross-Checks − III
› Relative population of bremsstrahlung categories compared between
data and simulation using B0→K*0J/y(ee) and B0→K*0g(ee) events

› A good agreement is observed
CERN SeminarSimone Bifani 25
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Cross-checks (III)

 32

• Also compare kinematic distributions of signal peak between data/
simulation.
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Figure 8: (hatched) Background-subtracted distributions for (darker colour) B0! K⇤0µ+µ�

and (lighter colour) B0! K⇤0e+e� candidates, compared to (full line) simulation. From top to
bottom: q2, K+⇡� invariant mass, m(K+⇡�), opening angle between the two leptons, ✓lepton,
and projection along the beam axis of the distance between the K+⇡� and `+`� vertices,
�zvertex. The distributions are normalised to unity. The hatched areas correspond to the
statistical uncertainties only. The data are not e�ciency corrected.

Trigger e�ciency: for the hardware triggers, the corrections to the simulation are
determined using di↵erent control samples and the change in the result is assigned
as a systematic uncertainty; for the software trigger, the corrections to the simula-
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bottom: q2, K+⇡� invariant mass, m(K+⇡�), opening angle between the two leptons, ✓lepton,
and projection along the beam axis of the distance between the K+⇡� and `+`� vertices,
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Trigger e�ciency: for the hardware triggers, the corrections to the simulation are
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as a systematic uncertainty; for the software trigger, the corrections to the simula-
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Cross-checks (IV)
• What about the signal yield?
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Figure 4: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� and (bottom)
B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal PDF, the shaded shapes are
the background PDFs and the solid line is the total PDF.

Table 3: E�ciency ratios between the nonresonant and resonant modes, "`+`�/"J/ (`+`�), for the
muon and electron channels. The uncertainties are statistical only.

"`+`�/"J/ (`+`�)

low-q2
central-q2

µ
+
µ
� 0.679 ± 0.009 0.584 ± 0.006

e
+
e
� (L0E) 0.539 ± 0.013 0.522 ± 0.010

e
+
e
� (L0H) 2.252 ± 0.098 1.627 ± 0.066

e
+
e
� (L0I) 0.789 ± 0.029 0.595 ± 0.020

which is expected to be equal to unity. This quantity represents an extremely381

stringent test, as it does not benefit from the large cancellation of the experimental382

systematic e↵ects provided by the double ratio. The rJ/ ratio is measured to383

be 1.043 ± 0.006 ± 0.045, where the first uncertainty is statistical and the second384

13

• Part. reco background controlled in two ways: 

• Using  

• Using 

B ! K⇤(J/ ! e+e�)

B ! K⇡⇡µ+µ�

Part-Reco Background − II

Simone Bifani 20
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›Modelled using two independent methods
»Create a K1+K2 cocktail from simulation and use B→XJ/y(ee) data to
determine their relative fraction
»Re-weight B+→K+p+p-ee simulated events using background
subtracted B+→K+p+p-µµ data
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Cross-checks (V)
• What about modelling of signal yield?

 34

Fit Results – ee

Simone Bifani 21
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Residual worries?

 35

RK =

N(Ke+e�)
N(KJ/ )ee
N(Kµ+µ�)
N(KJ/ )µµ

✏relµµ

✏relee
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Summary and outlook
• We are three separate hints for NP in b—>sll decays, which different 

experimental and theoretical uncertainties. 

• Nothing is conclusive, but the fact that they are all consistent is 
encouraging. 

• LHCb is looking forward to updating the R results with run II. 

• Also want to measure P5’ for electrons.

 36
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• Also might expect to see discrepancies in 
the Bs0—>µµ branching fraction 
eventually.



Patrick Owen Particle flavour fever school

Back-ups

 37
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Remarks on the first bin
• If we assume NP is heavy, its hard to accommodate the shift 

in the first q2 bin.

 38

Results − II

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

Simone Bifani 33CERN Seminar
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• PRD 86 (2012) 032012
• PRL 103 (2009) 171801

B0 K⇤0

�, Z0
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d
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• At low q2, the decay amplitude is dominated by the photon 
diagram - must be lepton universal! 

• There are models which get around this with light mediators (see 
e.g. Sala, Straub, arXiv:1704.06188).
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