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Radiative and Electroweak Penguin B decays: Experimental Results John Walsh

1. Introduction

Radiative and electroweak decays of B mesons, in particular those involving the transitions
b→ sγ and b→ s`+`−, have proven to be powerful probes of New Physics (NP) in the flavour
sector. These flavour-changing neutral current decays are prohibited at tree level in the SM, they
only appear in loop diagrams. This makes them an excellent laboratory for studying the effects of
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We study the lepton forward-backward asymmetryAFB and the longitudinal K! polarization FL, as well
as an observable P2 derived from them, in the rare decays B → K!ℓþℓ−, where ℓþℓ− is either eþe− or
μþμ−, using the full sample of 471 million BB̄ events collected at the ϒð4SÞ resonance with the BABAR,
detector at the PEP-II eþe− collider. We separately fit and report results for the K!0ð892Þℓþℓ− and
K!þð892Þℓþℓ− final states, as well as their combination K!ℓþℓ−, in five disjoint dilepton mass-squared
bins. An angular analysis of Bþ → K!þℓþℓ− decays is presented here for the first time.

DOI: 10.1103/PhysRevD.93.052015

I. INTRODUCTION

The decays B → K!ð892Þℓþℓ−, where K! → Kπ (here-
inafter, unless explicitly stated otherwise, K! refers generi-
cally to the K!ð892Þ) and ℓþℓ− is either an eþe− or μþμ−

pair, arise from flavor-changing neutral-current (FCNC)
processes, which are forbidden at tree level in the Standard
Model (SM). The lowest-order SM processes contributing
to these decays are the photon penguin, the Z penguin and
theWþW− box diagrams shown in Fig. 1. Their amplitudes
are expressed in terms of hadronic form factors and
perturbatively calculable effective Wilson coefficients,
Ceff
7 , Ceff

9 and Ceff
10 , which represent the electromagnetic

penguin diagram, and the vector part and the axial-vector
part of the linear combination of the Z penguin andWþW−

box diagrams, respectively [1–7]. Non-SM physics may
add new penguin and/or box diagrams, as well as possible
contributions from new scalar, pseudoscalar, and/or tensor
currents, which can contribute at the same order as the SM

diagrams, modifying the effective Wilson coefficients from
their SM expectations [8–17]. An example of a non-SM
physics loop process is shown in Fig. 2; other possible
processes could involve e.g., non-SM Higgs, charginos,
gauginos, neutralinos and/or squarks. As a function of
dilepton mass-squared q2 ¼ m2

ℓþℓ−
, the angular distribu-

tions in B → K!ℓþℓ− decays are notably sensitive to many
possible sources of new physics, with several collabora-
tions presenting results over the past few years [18–25].
At any particular q2 value, the kinematic distribution of

the decay products of B → K!ℓþℓ− and the CP-conjugate
B̄ → K̄!ℓþℓ− process depends on six transversity ampli-
tudes which, neglecting CP-violating effects and terms of
order m2

ℓ and higher, can be expressed as a triply differ-
ential cross section in three angles: θK , the angle between
the K and the B directions in the K! rest frame; θℓ, the
angle between the ℓþðℓ−Þ and the BðB̄Þ direction in the
ℓþℓ− rest frame; and ϕ, the angle between the ℓþℓ− and

q q

b st,c,u

W −

γ , Z

l +

l −

q q

b st,c,u

W +W − ν

l − l +

FIG. 1. Lowest-order SM Feynman diagrams for b → sℓþℓ−.
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Kπ decay planes in the B rest frame. From the distribution
of the angle θK obtained after integrating over ϕ and θℓ, we
determine the K! longitudinal polarization fraction FL
using a fit to cos θK of the form [6]

1

Γðq2Þ
dΓ

dðcos θKÞ
¼ 3

2
FLðq2Þcos2θK

þ 3

4
ð1 − FLðq2ÞÞð1 − cos2θKÞ: ð1Þ

We similarly determine the lepton forward-backward
asymmetry AFB from the distribution of the angle θℓ
obtained after integrating over ϕ and θK, [6]

1

Γðq2Þ
dΓ

dðcos θℓÞ
¼ 3

4
FLðq2Þð1 − cos2θlÞ

þ 3

8
ð1 − FLðq2ÞÞð1þ cos2θlÞ

þAFBðq2Þ cos θl: ð2Þ

We ignore here possible contributions from nonresonant
S-wave B → Kπℓþℓ− events. The rate for such events has
been shown to be consistent with zero [26], with an upper
limit (68% C.L.) across the entire dilepton mass-squared
range of < 4% of the B → K!ðKπÞℓþℓ− branching frac-
tion [21]. The presence of an S-wave component at this
level was shown to lead to a relatively small absolute bias
on the order of 0.01 for FL and AFB; this small bias is
ignored here given the relatively larger magnitude of our
statistical and systematic uncertainties. Essentially no
contributions from low-mass tails of the higher K! reso-
nances are expected in the K!ð892Þ mass region consid-
ered here.
We ignore small q2-dependent theory corrections in the

large-recoil q2 ≲ 2 GeV2=c4 region given the current
experimental uncertainties on the angular observables,
which are relatively large compared to these small correc-
tions in the underlying SM theory expectations [2]. We
determine FL andAFB in the five disjoint bins of q2 defined
in Table I. We also present results in a q2 range
1.0 < q20 < 6.0 GeV2=c4, the perturbative window away
from the q2 → 0 photon pole and the cc̄ resonances at
higher q2, where theory uncertainties are considered to be
under good control. An angular analysis of the decays
Bþ → K!þℓþℓ− is presented here for the first time. We
additionally present results for an observable derived from

FL and AFB, P2 ¼ ð−2=3Þ !AFB=ð1 − FLÞ, with less
theory uncertainty, and hence greater sensitivity to non-
SM contributions, than either FL or AFB alone [27,28].

II. EVENT SELECTION

We use a data sample of ∼471 million BB̄ pairs,
corresponding to 424.2& 1.8 fb−1 [30], collected at the
ϒð4SÞ resonance with the BABAR, detector [31] at the
PEP-II asymmetric-energy eþe− collider at the SLAC
National Accelerator Laboratory. Charged particle tracking
is provided by a five-layer silicon vertex tracker and a
40-layer drift chamber in a 1.5 T solenoidal magnetic field.
We identify electrons and photons with a CsI(Tl) electro-
magnetic calorimeter, and muons using an instrumented
magnetic flux return. We identify charged kaons using a
detector of internally reflected Cherenkov light, as well as
dE=dx information from the drift chamber. Charged tracks
other than identified e, μ and K candidates are treated
as pions.
We reconstruct B → K!ℓþℓ− signal events in the fol-

lowing final states (charge conjugation is implied through-
out unless explicitly noted):

(i) Bþ → K!þð→ K0
Sπ

þÞμþμ−;

(ii) B0 → K!0ð→ Kþπ−Þμþμ−;

(iii) Bþ → K!þð→ Kþπ0Þeþe−;

(iv) Bþ → K!þð→ K0
Sπ

þÞeþe−;

(v) B0 → K!0ð→ Kþπ−Þeþe−.

We do not include the decays Bþ → K!þð→ Kþπ0Þμþμ−
and B0 → K!0ð→ K0

Sπ
0Þℓþℓ− in our analysis. The

expected signal-to-background ratio for these final states
relative to the five chosen signal modes listed above is very
poor, with ensembles of pseudo-experiments showing that
inclusion of these extra modes would yield no additional
sensitivity.
We require K! candidates to have an invariant mass

0.72 < mðKπÞ < 1.10 GeV=c2. Electron and muon can-
didates are required to have momenta p > 0.3 GeV=c in
the laboratory frame. The muon and electron misidentifi-
cation rates determined from high-purity data control

b sq∼

χ∼ −

h0

µ +

µ −

FIG. 2. Feynman diagram of a non-SM Higgs penguin process.

TABLE I. Definition of the q2 bins used in the analysis. The
nominal B and K! invariant masses [29] are given by mB and
mK! , respectively.

q2 bin q2 minðGeV2=c4Þ q2 maxðGeV2=c4 Þ

q21 0.10 2.00
q22 2.00 4.30
q23 4.30 8.12
q24 10.11 12.89
q25 14.21 ðmB −mK! Þ2
q20 1.00 6.00
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Figure 1: Lowest order SM diagrams B→ Xs`
+`− decays (left and center) and a NP decay (right).

NP, where new particles can enter the loops and have an appreciable effect on observable quantities.
Figure 1 shows the lowest-order SM Feynman diagrams for the b→ s`+`− transition, along with a
possible diagram in a New Physics scenario. A general review of radiative and electroweak penguin
B physics can be found in section 17.9 of reference [1].

The following sections present recent experimental results on radiative and electroweak pen-
guin B decays.

2. Search for CP violation in the decay B0→ K0π+π−γ

In the Standard Model, the circular polarization of photons produced in b→ sγ transitions
is predominantly left-handed, with right-handed photons surpressed by a factor of ms/mb. This
means that B0 mesons (which contain a b̄ anti-quark) decay mostly to right-handed photons, while
B̄0 mesons produce mainly left-handed photons. One consequence of this is that mixing-induced
CP violation in B→ fCPγ decays, where fCP is a CP eigenstate, is expected to be small. This
situation is modified in NP models where photons of opposite helicity are produced [3].

The BaBar experiment has studied [2] the time-dependent CP asymmetry:

ACP(t) =
Γ(B̄0→ K0

S ρ0γ)−Γ(B0→ K0
S ρ0γ)

Γ(B̄0→ K0
S ρ0γ)+Γ(B0→ K0

S ρ0γ)
. (2.1)

Neglecting detector effects, the asymmetry may be written as:

ACP(t) = SK0
S ρ0γ

sin(∆md∆ t)−CK0
S ρ0γ

cos(∆md∆ t), (2.2)

where ∆ t is the decay time difference of the two B mesons produced in the ϒ(4S)→ B0B̄0 decay
and SK0

S ρ0γ
and CK0

S ρ0γ
are the CP-violation parameters to be measured.

One particular difficulty of the analysis is separating the CP eigenstate B0→K0
S ρ0γ from other

modes that contribute to the B0→ K0
S π+π−γ final state. Due to the large natural width of the ρ0,

1
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it is not possible to isolate the CP mode by selecting on the ρ0 mass. A full Dalitz plot analysis of
this channel is not feasible due to low statistics, so the solution adopted is to measure the effective
CP-violating parameter SK0

S π+π−γ
and relate this quantity to SK0

S ρ0γ
using a theoretical framework.

The expression for this “dilution factor” is as follows [4]:

DK0
S ργ
≡

SK0
S π+π−γ

SK0
S ρ0γ

(2.3)

=

∫ [∣∣∣AρK0
S

∣∣∣
2
−
∣∣∣AK∗+π−

∣∣∣
2
−
∣∣∣A(Kπ)∗+0 π−

∣∣∣
2
+2ℜ

(
A∗

ρK0
S
AK∗+π−

)
+2ℜ

(
A∗

ρK0
S
A(Kπ)∗+0 π−

)]
dm2

∫ [∣∣∣AρK0
S

∣∣∣
2
+
∣∣∣AK∗+π−

∣∣∣
2
+
∣∣∣A(Kπ)∗+0 π−

∣∣∣
2
+2ℜ

(
A∗

ρK0
S
AK∗+π−

)
+2ℜ

(
A∗

ρK0
S
A(Kπ)∗+0 π−

)]
dm2

Here ARP is the amplitude for the mode RP where R ∈ {ρ0,K∗±,(Kπ)∗±0 } is a hadronic resonance
and P is a pseudoscalar. The last element in the above list represents a possible S-wave contribution.
These amplitudes are extracted from the isospin-related decay B+→ K+π+π−γ , due to the much
larger statistics available for the charged channel. This assumes that the resonant amplitudes are
the same in both modes.

The model employed for the amplitude analysis assumes the decay proceeds via B+→ K+
resγ ,

where Kres is kaon resonance above the K∗(892). Five different kaon resonances are included in
the model and the contributions of each are determined from a fit to the mK+π+π− spectrum. Since
B(K+

res→K+π−π+) is not known for all the Kres considered, the mKπ spectrum is used to determine
the RP content of the K+π+π− final state. Details of the employed models are provided in [2].

The K+π+π−γ invariant mass for selected events is shown in Fig. 2. A simultaneous fit to this
distribution and the distributions of ∆E and a Fisher discriminant determine a yield of 2441±104
signal events. The mKπ distribution of the signal events, obtained using the Splots technique, is
also shown. The results of the amplitude analysis allow the determination of the dilution factor

mES,ΔE, andF , as described in Sec. IV B 1, yields 2441!
91þ41

−54 correctly reconstructed signal Bþ → Kþπ−πþγ
events in data. This translates into a branching fraction of

BðBþ → Kþπ−πþγÞ ¼ ð24.5! 0.9! 1.2Þ × 10−6: ð33Þ

In both cases, the first uncertainty is statistical and the
second is systematic. The latter is discussed in Sec. IV D 3.
This result is in good agreement with the previous world
average [18] and supersedes that of Ref. [12]. Figure 3
shows signal-enhanced distributions of the three discrimi-
nating variables in the fit: mES, ΔE, and F . Using 331
generated pseudoexperiments with embedded signal events
drawn from fully simulated MC samples, we checked that
the parameters of interest exhibit no significant biases.
Figure 4 shows the extracted mKππ sPlot distribution.

The magnitudes and phases of the signal model compo-
nents, as well as the widths of the K1ð1270Þ and K&ð1680Þ
resonances, are extracted directly from a binned maximum-
likelihood fit to the sPlot distribution of mKππ . Using
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100% correlation between the fitted signal yield and the fit
fraction when calculating the statistical uncertainty on each
branching fraction.
We compute the dilution factor defined in Eq. (1)

by inserting the FFs extracted from the fit to the mKπ
spectrum into the expressions listed in Appendix A, which
show the relations between amplitudes and the FFs.
To optimize the sensitivity to SK0

Sργ
, we impose in the

dilution factor calculation the mass requirements 600 ≤
mππ ≤ 900 MeV=c2 and mmin

Kπ ≤ mKπ ≤ 845 MeV=c2 or
945 MeV=c2 ≤ mKπ ≤ mmax

Kπ , where mmin
Kπ and mmax

Kπ denote

the allowed phase-space boundaries in the mKπ dimension.
Themππ mass requirement accounts for the distortion of the
ρð770Þ0 line shape towards the low invariant mass region
due to phase-space effects. Using the integration region
defined above in the mππ and mKπ dimensions, we obtain

Z
jAρK0

S
j2dmππdmKπ ¼ 0.269$ 0.028;

Z
jAK%þπ− j2dmππdmKπ ¼ 0.078$ 0.002;

Z
jAðKπÞ%þ

0
π− j2dmππdmKπ ¼ 0.141þ0.029

−0.027 ;
Z

2ℜðA%
ρK0

S
AK%þπ−ÞdmππdmKπ ¼ −0.090$ 0.006;

Z
2ℜðA%

ρK0
S
AðKπÞ%þ0 π−ÞdmππdmKπ ¼ −0.149þ0.052

−0.040 ;

where the uncertainties account for both statistical and
systematic uncertainties, which are summed in quadrature.
Inserting the above results into Eq. (1) yields

DK0
Sργ

¼ −0.78þ0.19
−0.17 ; ð34Þ

where the uncertainties are statistical and systematic
uncertainties added in quadrature. The systematic uncer-
tainties contribution are discussed in Sec. IV D.

D. Systematic uncertainties

Since the main purpose of the analysis of Bþ →
Kþπ−πþγ decays is to extract the dilution factor DK0

Sργ
,

we have studied the systematic effects that influence its
value. The dilution factor uncertainties depend on uncer-
tainties of the two-body amplitudes obtained from a fit to
the mKπ spectrum (see Sec. IV D 2), themselves depending
on the uncertainties of the kaonic-resonance amplitudes
obtained from a fit to the mKππ spectrum (see Sec. IV D 1).
Finally, in Sec. IV D 3, the systematic uncertainties

TABLE VI. Branching fractions of the different Kþπ−πþ resonances extracted from the fit to the mKππ spectrum. The listed numbers
are averaged over charge-conjugate states. They are obtained using the fit fraction of each component and the corresponding efficiency.
To correct for the secondary branching fractions, we use the values from Ref. [18]. The first uncertainty is statistical, the second is
systematic (see Sec. IV D 3), and the third, when present, is due to the uncertainties on the secondary branching fractions. When the
symbol “n/a” is quoted, it indicates that the corresponding branching fraction was not previously reported.

Mode
BðBþ → ModeÞ×

BðKres → Kþπþπ−Þ × 10−6 BðBþ → ModeÞ × 10−6
Previous world

average [18] ð×10−6Þ

Bþ → Kþπþπ−γ · · · 24.5$ 0.9$ 1.2 27.6$ 2.2
K1ð1270Þþγ 14.5þ2.1

−1.4
þ1.2
−1.2 44.1þ6.3

−4.4
þ3.6
−3.6 $ 4.6 43$ 13

K1ð1400Þþγ 4.1þ1.9
−1.2

þ1.2
−1.0 9.7þ4.6

−2.9
þ2.8
−2.3 $ 0.6 <15 at 90% C.L.

K%ð1410Þþγ 11.0þ2.2
−2.0

þ2.1
−1.1 27.1þ5.4

−4.8
þ5.2
−2.6 $ 2.7 n/a

K%
2ð1430Þþγ 1.2þ1.0

−0.7
þ1.2
−1.5 8.7þ7.0

−5.3
þ8.7
−10.4 $ 0.4 14$ 4

K%ð1680Þþγ 15.9þ2.2
−1.9

þ3.2
−2.4 66.7þ9.3

−7.8
þ13.3
−10.0 $ 5.4 <1900 at 90% C.L.
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FIG. 6. Distribution of mKπ for correctly reconstructed Bþ →
Kþπ−πþγ signal events (sPlot), extracted from the maximum-
likelihood fit to mES, ΔE, and F . Points with error bars give the
sum of sWeights. The blue solid curve corresponds to the total
PDF fit projection. The small-dashed red, medium-dashed green
and dotted magenta curves correspond to the K%ð892Þ0, ρð770Þ0
and ðKπÞ%00 contributions, respectively. The dashed-dotted gray
curve corresponds to the interference between the two P-wave
components, i.e. the K%ð892Þ0 and the ρð770Þ0, and the dashed-
triple-dotted light blue curve corresponds to the interference
between the ðKπÞ%00 and the ρð770Þ0. Below the mKπ spectrum,
we also show the residuals normalized in units of standard
deviations, where the parallel dotted and full lines mark the one-
and two-standard-deviation levels, respectively.
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Figure 2: Left: mass distribution of B+ → K+π+π−γ candidates. Right: distribution of mKπ for signal
events (obtained using the Splots technique). The blue solid curve corresponds to the total PDF fit projection.
The small-dashed red, medium-dashed green and dotted magenta curves correspond to the K∗0, ρ0 and S-
wave contributions, respectively. The dashed-dotted gray curve corresponds to the interference between
the two P-wave components, and the dashed-triple-dotted light blue curve corresponds to the interference
between the S-wave and the ρ0.
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(Eq. 2.3):
DK0

S ργ
=−0.78+0.19

−0.17 (2.4)

Next, the neutral channel B0 → K0
S π+π−γ is analysed. A sample of 243± 31 signal events

are identified. Flavour tagging is employed on the rest of the event to separate B0 and B̄0 decays.
The decay time difference ∆ t, which is determined by reconstructing the decay vertices of the
two B mesons, is added to the likelihood fit, along with the tagging information, and permits the
extraction of the CP-violating paramters discussed above:

SK0
S π+π−γ

= 0.14±0.25±0.03 (2.5)

CK0
S π+π−γ

= −0.39±0.32±0.06 (2.6)

Applying the dilution factor to the first of these yields the final result: SK0
S ρ0γ

=−0.18±0.32±0.06,
which is in agreement with the Standard Model. This analysis is based on the full BaBar data set
of 471×106 BB̄ pairs.

3. The rare decay B0→ φγ

The Belle experiment has performed a search for the radiative decay B0→ φγ using their full
data set corresponding to 772 million BB̄ pairs [5]. This decay proceeds via the b→ dγ transition
and is therefore suppressed by a factor of about 25 (relative to b→ sγ) by CKM factors. The
SM prediction for the branching fraction is ∼ 10−11, but large enhancements are expected in some
physics models [6].

The event selection starts with a photon with energy greater than 2 GeV in the ϒ(4S) (center-
of-mass) system. Photons from the decays π0→ γγ and η → γγ are rejected by applying explicit
vetoes. Pairs of charged kaons are used to reconstruct the φ meson, with 1.000 < mKK < 1.039
GeV, which exploits the good mass resolution on the φ meson. Finally, a multi-variate selector
reduces continuum background using event shape variables.

The signal yield is extracted using a simultaneous fit to four quantities: the beam-constrained
B mass, ∆E, the output of the multi-variate selector and the helicity angle of the decay. The
projections of the fits are shown in Fig. 3. No significant signal is found and a 90% CL upper
limit is obtained:

B(B0→ φγ)< 1.0×10−7 90% CL (3.1)

This result improves on the previous best limit [7] by nearly an order of magnitude.

4. The B0→ K∗0`+`− channels

The B0→ K∗0`+`− channels have proven to be a powerful probe of physics beyond the stan-
dard model. From a phenomenological standpoint, they proceed via loops at lowest order, where
New Physics can have large effects, as discussed in the Introduction. The richness of the final state
allows the measurement of many observables that 1) can be well calculated within the SM and 2)
can be significantly altered by the presence of NP. From the experimental viewpoint, these modes
have generally clear signatures, with a lepton pair in the final state and relatively low backgrounds.
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FIG. 2: Projections of the four-dimensional fit: (a) Mbc in the �E signal region; (b) �E in the

Mbc signal region; (c) C 0
NN in the Mbc and �E signal regions; and (d) cos ✓� in the Mbc and �E

signal regions. Plots (a), (b), and (d) also require C 0
NN > 1. The points with error bars show the

data; the dotted (red) curves represent the signal; the dashed-dotted (magenta) curves represent

continuum events; the dashed (green) curves represent the charmless background; and the solid

(blue) curves represent the total.

and take this bias as a systematic uncertainty. The uncertainty due to the CNN selection

is determined by applying di↵erent CNN criteria to the control sample; the di↵erence in the

changes observed between data and MC simulation is taken as the systematic uncertainty.

The uncertainty due to the background sample used in training the NN is determined by

changing the training sample and noting the change in the signal yield of the control sample.

The systematic uncertainty due to charged track reconstruction is determined from a study

10

Figure 3: Projections of the 4-variable fit to the B0 → φγ candidates: a) the beam-constrainted mass, b)
∆E, c) neural net output and d) helicity angle. Selections are made on the variables not plotted to enhance
the signal in any given projection. The blue curves represent the total fit, while the red curves represent the
signal, the magenta curves the continuum events and the green curves the charmless background.

4.1 Angular analysis of B0→ K∗0µ+µ−

The advent of LHCb in recent years has produced great experimental advances in the B0 →
K∗0µ+µ− channel. We report here on an angular analysis of the B0→ K∗0µ+µ− channel based on
the full Run 1 dataset, corresponding to an integrated luminosity of 3 fb−1 [8].

The differential decay rate for the channel B0→ K∗0µ+µ− may be written:

dΓ

dq2dΩ
∝

3
4
(1−FL)sin2

θK +FL cos2
θK (4.1)

+
1
4
(1−FL)sin2

θK cos2θ`

−FL cos2
θK cos2θ`+S3 sin2

θK sin2
θ` cos2φ

+S4 sin2θK sin2θ` cosφ +S5 sin2θK sinθ` cosφ

+
4
3

AFB sin2
θK cosθ`+S7 sin2θK sinθ` sinφ

+S8 sin2θK sin2θ` sinφ +S9 sin2
θK sin2

θl sin2φ

where the three angles that define the final state topology are defined in Fig. 4. The quantities FL

and AFB are the K∗0 longitudinal polarization fraction and forward-backward lepton asymmetry,
respectively, while the Si are related to the Wilson coefficients of the effective Hamiltonian and can
be calculated in the SM. All of the quantities are extracted by performing a simultaneous fit to the
distributions of the three decay angles. The fit also includes the K+π−µ+µ− invariant mass and
the K+π− invariant mass. The fit is performed in seven bins of q2 ≡m2

µµ , since theory predicts the

4
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B0→K*0μ+μ- angular analysis
• Angular analysis provides many observables 

that are sensitive to NP

• Fit to m(Kπμμ), m(Kπ) and three angles, in 
bins of q2 = mμμ2

• Exploit optimised variables to reduce FF 
uncertainty: e.g. P5’

• Possible S-wave component included in 
fit for first time 

• Full Run 1 dataset: 3/fb
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for q2 < 1 GeV2/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

4
S6s. 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) sin2 ✓K + FL cos2 ✓K

+1
4
(1 � FL) sin2 ✓K cos 2✓l

�FL cos2 ✓K cos 2✓l + S3 sin2 ✓K sin2 ✓l cos 2�

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

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

+S8 sin 2✓K sin 2✓l sin�+ S9 sin2 ✓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 =
2 S3

(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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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 (see text). Overlaid are the
projections of the total fitted distribution (black line) and the signal and background components.
The signal is shown by the blue shaded area and the background by the red hatched area.

Sec. 2. The angular distribution of the signal is described using Eq. (6). The background
angular distribution is modelled with second order polynomials in cos ✓l, cos ✓K and �,
the parameters of which are left free in the fit. The angular distribution is assumed to
factorise in the three decay angles. This assumption has been validated in the upper mass
sideband.

In order to describe the signal angular distribution, the angular acceptance discussed
in Sec. 5 must be accounted for. The acceptance is treated in one of two ways, depending
on the q2 range being fitted. In the narrow q2 bins, the acceptance is treated as being
constant across each bin and is included in the fit by multiplying Eq. (6) by the acceptance
function evaluated at the bin centre. In the wider 1.1 < q2 < 6.0 GeV2/c4 and 15.0 < q2 <
19.0 GeV2/c4 bins, the shape of the acceptance can vary significantly across the bin. In
this case, the candidates are weighted in the likelihood fit by the inverse of their e�ciency.
The event weights are scaled such that this pseudo-likelihood fit has confidence intervals
with the correct coverage.

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 Sec. 6.
In order to better constrain the S-wave fraction, a simultaneous fit of the m(K+⇡�)
distribution is performed using the parameterisation described in Sec. 6. The signal fraction
and FS are common parameters in the simultaneous fits to the m(K+⇡�) distribution
and to the angular and m(K+⇡�µ+µ�) distributions. Figure 4 shows the projections
of the fitted probability density function on the angular and mass distributions for the
1.1 < q2 < 6.0 GeV2/c4 q2 bin. Good agreement of the fitted function with the data is
observed. Projections for the other q2 bins are provided in Appendix B.

The P
(0)
i observables introduced in Sec. 2 are determined by reparameterising Eq. (4)

using a basis comprising FL, P1,2,3 and P 0
4,5,6,8. The CP asymmetries are determined by

modifying the angular convention, introducing a relative sign between the angular terms
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Signal: 2398±57

all q2

T. Blake

Exploring FCNC processes
• Flavour changing neutral current transitions only occur at loop order 

(and beyond) in the SM. 

!

!

!
• New particles can contribute at loop or tree level:  

!

!

!

• Enhancing/suppressing decay rates, introducing new sources of CP 
violation or modifying the angular distribution of the final-state particles 

2
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W−

b s
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ν
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d̃i

γ, Z0

χ̃0
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g̃ b s

µ+
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SM diagrams involve 
the charged current 
interaction.

L = 3 fb-1

Figure 4: Definition of decay angles of B0→ K∗0µ+µ− decays.

variation of each of these coefficients with q2. Indeed, the q2 behavior of the coefficients provides
important information in distinguishing NP models, should a deviation from the SM be found.

The possibility of an S-wave contribution to this decay, i.e., where the K+π− of the final
state does not come from a K∗0 decay, is included in the fit (Eq. 4.1 does not show the S-wave
contribution for simplicity).

Figure 5 shows the fit projections for the bin with 1.1 < q2 < 6.0 GeV2.
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m(K+⇡�) and the three decay angles are given for candidates in the signal mass window
±50MeV/c2 around the known B0 mass. The candidates have been weighted to account for
the acceptance. Overlaid are the projections of the total fitted distribution (black line) and its
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red hatched area.
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Figure 5: Projections of the 5D fit for the q2 bin 1.1–6.0 GeV2. A mass cut of ±50 MeV around the known
B mass has been applied to the mKπ and angular variable distributions. Candidates have been weighted to
account for acceptance. The blue shaded area represents the signal, while the red hatched area denotes the
background.

The results for FL and AFB as a function of q2 are presented in Fig. 6. The experimental results

5
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are compared to the SM expections from ref. [9]. There is generally good agreement with the SM
predictions. Additional variables, for which the theoretical uncertainties are signficiantly reduced,
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Figure 6: The CP -averaged observables in bins of q2, determined from a maximum likelihood fit
to the data. The shaded boxes show the SM predictions based on the prescription of Ref. [19].
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Figure 6: Results for FL (left) and AFB (right). The shaded areas represent the SM prediction from [9].

can be constructed from FL and the Si. In Fig. 7 the results for P′5 ≡ S5/
√

FL(1−FL) are shown,
compared to the SM prediction [10]. Here a discrepancy with the SM calculation is observed in
the fourth and fifth q2 bins, with statistical significance of 2.8σ and 3.0σ , respectively. Thus the
discrepancy observed in the previous analysis [11], performed on one-third the data, is confirmed.
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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Figure 7: Results for optimised variable P′5. The shaded areas represent the SM prediction from [10].

For reasons of space, only a small subset of the results are presented here. The full results are
presented in [8].

The CMS experiment has also performed an angular analysis of the B0 → K∗0µ+µ− chan-
nel [12]. They have lower statistics than LHCb and perform a somewhat simpler analysis, which
requires fewer events. Figure 8 shows FL, AFB and the branching fraction as a function of q2. There
is good agreement with the SM predictions.

This channel has also been studied at the B factory experiments Babar and Belle. They have
significantly lower statistics, but can also perform the same analysis for the B0 → K∗0e+e− final
state. Furthermore, because they can reconstruct neutral particles efficiently, this gives them access
to the isospin-related channel B+→ K∗+`+`−, which has either a K0

S or a π0, arising from the K∗+

decay, in the final state.
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Figure 4: Measured values of FL, AFB, and dB/dq2 versus q2 for B0 ! K⇤0µ+µ�. The statistical
uncertainty is shown by the inner vertical bars, while the outer vertical bars give the total
uncertainty. The horizontal bars show the bin widths. The vertical shaded regions correspond
to the J/y and y0 resonances. The other shaded regions show the two SM predictions after rate
averaging across the q2 bins to provide a direct comparison to the data. Controlled theoretical
predictions are not available near the J/y and y0 resonances.

Figure 8: CMS results for FL (upper left), AFB (upper right) and the differential branching fraction as a
function of q2.

Figure 9 shows the Belle results for the optimized variable P′5 [13]. Interestingly, the Belle
result favours the LHCb result for this observable and is also in disagreement with the SM. Babar

12
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4 (b)Result for P 0
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FIG. 5. Result for the P 0 observables compared to SM predictions from various sources described in Section X. Results from
LHCb [1, 17] are shown for comparison.
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Figure 9: Belle results for P′5. The shaded areas represent the SM prediction from [10].

has measured FL and AFB separately for the B0 and B+ modes [14]. Fig. 10 shows the results
obtained for FL for 1 < q2 < 6 GeV2, along with other experimental results and the SM prediction.
There is some disagreement with the Standard Model and indeed a hint of a difference for the
charged and neutral decays.

4.2 Angular analysis of B0→ K∗0e+e− in the pole region

LHCb has also performed an angular analysis of the channel B0→ K∗0e+e−, based on the full
Run 1 data set, corresponding to 3 fb−1 of integrated luminosity. In this case, only the lowest q2

bin is examined, i.e., events with 0.002 < q2 < 1.120 GeV2 [15]. This region is dominated by the
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FIG. 7. FL (top) and AFB (bottom) results in disjoint q2 bins, along with those of other experiments and the SM expectations (blue
dashed lines, which also define the extent of each individual q2 bin): (black filled star) Belle [19], (black filled circle) CDF [20], (black
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in the 14≲ q2 < 16 GeV2=c4 region; however, they are valid for the entire q2≳ 14 GeV2=c4 region.
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FIG. 8. q20 FL (left) and AFB (right) results, along with those of other experiments [19–23] and the SM expectation (vertical lines)
[1–5,7].

J. P. LEES et al. PHYSICAL REVIEW D 93, 052015 (2016)

052015-12

Figure 10: Results for FL in the range 1 < q2 < 6 for the neutral and charged modes from Babar and
compared with other experimental results. The vertical lines represent the SM prediction.

virtual photon contribution and thus allows searches for right-handed currents in NP scenarios. In
terms of the Wilson coefficients of the effective Hamiltonian, the analysis is sensitive to C7 and C′7.

As for the B0→ K∗0µ+µ− case, one can write down the differential decay rate as a function
of the three angles in the decay:

dΓ

dq2dΩ
∝

3
4
(1−FL)sin2

θK +FL cos2
θK (4.2)

+

(
1
4
(1−FL)sin2

θK−FL cos2
θK

)
cos2θ`+

1
2
(1−FL)A

(2)
T sin2

θK sin2
θ` cos2φ

+(1−FL)ARe
T sin2

θK cosθ`+
1
2
(1−FL)AIm

T sin2
θK sin2

θl sin2φ ,

where the angles are defined as in Sec. 4.1, except that φ is “folded”: φ → φ +π for φ < 0. There
are four coefficients extracted by fitting the data: FL, ARe

T = 4
3 AFB/(1−FL), A(2)

T and AIm
T . The latter

two quantities are sensitive to the photon polarization and in the limit of very small q2 are directly
related to the Wilson coefficients C7 and C′7:

A(2)
T (q2→ 0) =

2Re(C7C′∗7 )
|C7|2 + |C′7|2

AIm
T (q2→ 0) =

2Im(C7C′∗7 )
|C7|2 + |C′7|2

. (4.3)

Experimentally, this channel is more challenging than the B0→ K∗0µ+µ− channel discussed
earlier, for two primary reasons: 1) the excellent LHCb muon trigger is not applicaable for this
channel and 2) the significant bremsstrahlung of the final state electrons degrades the mass reso-
lution of the recontructed B meson. A significant background comes from photon conversions to
very low-mass e+e− pairs. These are suppressed by applying a minimum cut on the di-electron
mass. An estimated 4% of the selected signal consists of this background.

Figure 11 shows the distribution of the invariant B mass and the three angular distributions for
the selected B0→ K∗0e+e− events. The results obtained from the fit are:

8



P
o
S
(
F
P
C
P
2
0
1
6
)
0
1
1

Radiative and Electroweak Penguin B decays: Experimental Results John Walsh

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
FL 0.15 ± 0.06 0.16 ± 0.06 ± 0.03

A
(2)
T �0.22 ± 0.23 �0.23 ± 0.23 ± 0.05

AIm
T +0.14 ± 0.22 +0.14 ± 0.22 ± 0.05

ARe
T +0.09 ± 0.18 +0.10 ± 0.18 ± 0.05
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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

12

Figure 11: Projections of 4D fit to the B candidate invariant mass and the three decay angles. The widening
of the mass distribution relative to the B0→ K∗0µ+µ− case due to bremsstrahlung is evident.

FL = 0.16±0.06±0.03

A(2)
T =−0.23±0.23±0.05

AIm
T = 0.14±0.22±0.05

ARe
T = 0.10±0.18±0.05

These are the first measurements of these quantities in this q2 range. They are compatible with
Standard Model expectations and in particular with C′7 = 0.

5. Search for B+→ K+τ+τ−

Babar has performed a search for the decay B+ → K+τ+τ−, which is related to the well-
studied decays with a pair of muons or electrons in the final state [16]. The τ channel is interesting
because of the third lepton’s large mass: there is a potential NP contribution to the decay via a
neutral Higgs boson that couples more strongly to higher mass leptons. Furthermore, given recent
results on RK = B(B→ Kµµ)/B(B→ Kee) [17], which exhibit a tension with the SM expectation,
there is heightened interest to measure the rate to B→ Kττ .

This mode is very challenging experimentally: there are multiple neutrinos in the final state
and very few kinematic handles on the signal decay. At the e+e− B factories the technique of tag-
ging the other B makes it possible to recontruct this decay. B-tagging involves fully reconstructing
the “other” B in the event. For this analysis, hadronic final states were considered for the tag B,
starting with either a charmed or charmonium meson and then adding up to five additional pions
and kaons. Once the tag B has been reconstructed, its daughters are removed from consideration
and the signal decay is looked for among the remaining tracks in the event. Leptonic τ decays are
considered, so the final state signature consists of a charged kaon, a pair of leptons (either µ or e)

9
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and a significant amount of missing energy due to the lost neutrinos. Explicit vetoes are employed
to remove backgrounds from J/ψ , D0 and π0 decays.

The primary remaining background comes from semileptonic cascade decays: B→ D`ν fol-
lowed by D→ K`ν . This background, which has the same final state particles as the signal decay,
is reduced using a multi-layer preceptron (MLP) selector with seven input variables. Figure 12
shows the distribution of the MLP output for data and estimates of the background obtained from
simulation. The shape of a possible signal is also shown (red histogram, arbitrary scale). The MLP

ter clusters not explicitly associated with Btag daughter173

particles may originate from other low-energy particles174

in background events. We therefore define E⇤
extra to be175

the energy sum of all neutral clusters with individual en-176

ergy greater than 50 MeV that are not used in the Btag177

reconstruction.178

The normalized squared mass of the ⌧+⌧� pair is given179

by sB = (pBsig
� pK)2/m2

B , where pBsig
and pK are the180

four-momentum vectors of Bsig and of the kaon, respec-181

tively, in the laboratory frame. The large mass of the ⌧182

leptons in signal events kinematically limits the sB dis-183

tribution to large values. A requirement of sB > 0.45 is184

applied.185

At this point in the selection, remaining backgrounds186

are primarily BB events in which a properly recon-187

structed Btag is accompanied by Bsig ! D(⇤)`⌫`, with188

D(⇤) ! K`0⌫`0 and thus have the same detected final-189

state particles as signal events. A multi-layer perceptron190

(MLP) neural network [27], with seven input variables191

and one hidden layer, is employed to suppress this back-192

ground. The input variables are: the angle between the193

kaon and the oppositely charged lepton, the angle be-194

tween the two leptons, and the momentum of the lep-195

ton with charge opposite to the K, all in the ⌧+⌧�196

rest frame, which is calculated as pBsig � pK ; the an-197

gle between the Bsig and the oppositely charged lepton,198

the angle between the K and the low-momentum lep-199

ton, and the invariant mass of the K+`� pair, all in the200

CM frame. Furthermore, the final input variables to the201

neural network are E⇤
extra and the residual energy, Eres,202

which here is e↵ectively the missing energy associated203

with the ⌧+⌧� pair and is calculated as the energy com-204

ponent of p⌧residual = p⌧Bsig
� p⌧K � p⌧`+`� , where p⌧Bsig

,205

p⌧K and p⌧`+`� are the four-momenta vectors in the ⌧+⌧�206

rest frame of the Bsig, K, and lepton pair in the event,207

respectively. Eres has, in general, higher values for sig-208

nal events than generic BB and continuum events due209

to the higher neutrino multiplicity. A neural network is210

trained and tested using randomly split dedicated signal211

MC and B+B� background events, for each of the three212

channels: e+e�, µ+µ�, and e+µ�. The results are shown213

in Fig. 2 for the three modes combined. The last step in214

the signal selection is to require that the output of the215

neural network is > 0.70 for the e+e� and µ+µ� chan-216

nels and > 0.75 for the e+µ� channel. This requirement217

is optimized to yield the most stringent upper limit in218

the absence of a signal.219

The branching fraction for each of the signal modes, i,
is calculated as:

Bi =
N i

obs � N i
bkg

✏isigNBB

, (2)

where NBB = 471⇥ 106 is the total number of BB pairs220

in the data sample, assuming equal production of B+B�
221

and B0B0 pairs in ⌥ (4S) decays, and N i
obs is the number222

MLP output
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FIG. 2: (color online) MLP output distribution for the three
signal channels combined. The B+ ! K+⌧+⌧� signal MC
distribution is shown (dashed) with arbitrary normalization.
The data (points) are overlaid on the expected combinatorial
(shaded) plus mES-peaking (solid) background contributions.

of data events passing the signal selection. The signal ef-223

ficiency, ✏isig, and the background estimate, N i
bkg, are de-224

termined for each mode from the signal and background225

MC yields after all selection requirements.226

For each mode, Nbkg consists of two components:227

background events that have a properly reconstructed228

Btag and thus produce a distribution in mES which229

peaks at the B mass, and combinatorial background230

events composed of continuum and BB events with mis-231

reconstructed Btag candidates which do not produce a232

peaking structure in the mES signal region. After the233

MLP output requirement, peaking background events234

comprise more than 92% of the total Nbkg for all three235

modes. To reduce the dependence on MC simulation, the236

combinatorial background is extrapolated directly from237

the yield of data events in the mES “sideband” region238

(5.20 < mES < 5.26 GeV/c2), after the full signal selec-239

tion. Sideband data events are scaled to the correct nor-240

malization of the combinatorial background in the mES241

signal region.242

The peaking background is determined using B+B�
243

background MC, while data in the final signal region244

is kept blinded to avoid experimentalist bias. Because245

of the large uncertainties on the branching fractions of246

many of the Btag decay modes as well as their associ-247

ated reconstruction e↵ects, there is a discrepancy in the248

Btag yield of approximately 10% between MC and data,249

independent of the signal selection. A Btag yield correc-250

tion is therefore determined by calculating the ratio of251

data to B+B� MC events after the sB requirement. The252

data sample after this requirement contains a su�ciently253

large background contribution after the sB requirement,254

which consists mainly of B+B� events (> 96%) according255

to MC simulation, to allow for a data-driven correction256

without unblinding the final signal-region. This correc-257

tion factor is determined to be 0.913 ± 0.020 and is ap-258

5

Figure 12: Distribution of the MLP output for data (points), combinatorial background (blue histogram) and
peaking background (purple histogram). The red histogram shows the shape of the signal on an arbitrary
scale.

cut was placed at 0.7 for the ee and µµ candidates and at 0.75 for the eµ candidates. The results are
presented in Table 1. For the ee and µµ modes the number of observed events is in good agreement
with the background estimates. However, an excess is seen in the eµ channel, with respect to the
expected background, with a statistical significance of 3.7σ . Inspection of the events in question
shows no indication of signal-like behavior, nor evident problems with the background modeling.
Taken together the three channels are in agreement with background expectations within 2σ . Thus,
an upper limit is derived:

B(B+→ K+
τ
+

τ
−)< 2.25×10−3 90% CL (5.1)

This analysis is based on the full BaBar data set of 471 million BB̄ pairs.

6. Global fits to b→ s`` and b→ sγ

The wealth of results in radiative and electroweak penguin decays has given rise to several
phenomenological efforts to extract information on NP from the group of measurements [18, 19].
The current set of results favors a New Physics contribution to the Wilson coefficient C9. This
is depicted in Fig. 13, which shows the fitted results for CNP

9 vs. C′NP
9 and CNP

9 vs. CNP
10 . The

super-script “NP” indicates that the SM contribution has been subtracted out such that in the SM
all CNP

i = 0.

10



P
o
S
(
F
P
C
P
2
0
1
6
)
0
1
1

Radiative and Electroweak Penguin B decays: Experimental Results John Walsh

e+e− µ+µ− e±µ∓

Ni
bkg 49.4±2.4±2.9 45.8±2.4 ±3.2 59.2±2.8 ±3.5

ε i
sig(×10−5) 1.1 ±0.2±0.1 1.3±0.2±0.1 2.1±0.2±0.2

Ni
obs 45 39 92

Significance (σ ) -0.6 -0.9 3.7

Table 1: Expected background yields, Ni
bkg, signal efficiencies, ε i

sig , number of observed data events, Ni
obs,

and signed significance for each signal mode. Quoted uncertainties are statistical and systematic.
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Figure 8: For 4 favoured scenarios, we show the 3 � regions allowed by B ! Kµµ

observables only (dashed green), by B ! K⇤µµ observables only (long-dashed blue), by

Bs ! �µµ observables only (dot-dashed purple) and by considering all data (red, with

1,2,3 � contours). Same conventions for the constraints as in Fig. 7.

only in C9 or (C9, C90) since both sides of the equation vanish trivially. On the other hand,

if one wants to switch on NP in all four coe�cients and preserve some simple pattern

among them, there are four options that may agree with a Z 0 interpretation:

• (CNP
9 = �CNP

90 , CNP
10 = �CNP

100 ), with a large pull for the b ! sµµ reference fit, but

giving RK = 1 by construction,

• (CNP
9 = CNP

10 , CNP
90 = CNP

100 ), disfavoured by the data on Bs ! µµ, which prefer a SM

30

Figure 13: Results of global fits to b→ sγ and b→ s`` measurements. Taken from ref. [18]
.

Additional details on the global fits were presented at this conference by Sébastien Descotes-
Genon [20].

7. Conclusions

There is a wealth of information on radiative penguin decays of B mesons coming from both
the LHC and the B factories. We have presented searches for right-handed currents via photon
polarization as well as comprehensive angular analyses of the B→ K(∗)`+`− channels. These re-
sults put powerful contraints on the NP models and currently show some tension with the Standard
Model in the P′5 observable.

LHCb is busy accumulating data in Run 2 and expects to more than double the Run 1 data
set by 2018. The B factory experiments are producing their final papers after having stopped data
taking some years ago. However, the next generation of B factories is not far off: Belle II expects
to commence taking data for physics in 2018.
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