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ABSTRACT

Rare flavour changing neutral current (FCNC) decays of top, beauty and charm
quarks can provide a powerful probe for as yet unobserved particles. Recent

results on FCNC b→ s, c→ u and t transitions from the LHC experiments are
reviewed. Particular attention is paid to the angular distribution of the

B0→ K∗0µ+µ− decay, where a measurement performed by LHCb shows a local
discrepancy of 3.7 standard deviations with respect to the SM prediction. Using

the decay B+→ K+π−π+γ, LHCb have also been able to demonstrate the
polarisation of photons produced in b→ sγ transitions. More work is needed both
experimentally and theoretically to understand if the Standard Model description

of these rare FCNC processes is correct.
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1 Introduction

In the Standard Model (SM), the only flavour changing interaction is the charged current interaction. Flavour
changing neutral current (FCNC) b → s(d), c → u and t → c(u) transitions can therefore only occur at
loop order in the SM. This makes these processes rare. The lack of a dominant tree-level SM process
also makes these FCNC sensitive to contributions from new, as yet unobserved, particles that can enter in
competing loop order diagrams. The presence of these new particles can show up either as an increase or,
due to interference, decrease in the rate of particular decays or as a change in the angular distribution of the
particles in the detector.

2 Leptonic decays

The leptonic decays B0→ µ+µ− and B0
s → µ+µ− are extremely rare in the SM. They are both loop and

helicity suppressed. This leads to an expected branching fraction of [1]

B(B0
s→ µ+µ−) = (3.65± 0.23)× 10−9 , (1)

where the largest uncertainties are from the B0
s decay constant (predicted with an uncertainty of 4% from

Lattice QCD calculations [2]) and the CKM matrix elements. The rate of the B0 decay is further suppressed
in the SM by the ratio of the CKM elements |Vtd/Vts|2. In models with an extended Higgs sector, the helicity
suppression can be lifted and the branching fraction of the decays significantly increased.

In 2013, the CMS and LHCb experiments both reported evidence for the B0
s→ µ+µ− decay at the level

of ∼ 4 standard deviations [3, 4]. Key to both analyses was their ability to reject backgrounds consisting of
random combinations of muons from b-hadron decays or b-hadron decays where one or more particles was
mistakenly identified as a muon. No evidence for the B0 decay was seen by either experiment. A näıve
combination of the measurements by CMS and LHCb yields [5]

B(B0
s→ µ+µ−) = (2.9± 0.7)× 10−9

B(B0→ µ+µ−) = (3.6 +1.6
−1.4)× 10−10 .

(2)

These averages are compatible with the SM expectation, setting constraints on contributions of new virtual
particles.
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Figure 1: Invariant K+π−π+ mass distribution of selected B+→ K+π−π+γ candidates (left) and the up-
down asymmetry of the photon with respect to the K+π−π+ system in four bins of K+π−π+ mass (right).
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3 Photon polarisation

In the SM, photons produced in b→ sγ transitions are expected to be almost purely left-hand polarised due
to the coupling of the b- and s-quark to a virtual W boson. Neglecting QCD contributions, the right-handed
component (bL → γRsR) is suppressed by the ratio of the s- to the b-quark mass, making it vanishingly
small. In many extensions of the SM, the photon is produced unpolarised because there is no preferred left-
or right-handed coupling.

One way to test the photon polarisation is using the photon direction with respect to the K+π−π+

system in B+→ K+π−π+γ decays [6]. The decay distribution can be written as

1

Γ

dΓ

d cos θ
=

∑
n=0,2,4

an cosn θ + λ
∑
n=1,3

an cosn θ , (3)

where θ is the angle between the direction of the photon and the plane defined by the π+ and π− and the
coefficient an depends on the resonant structure of the K+π−π+, K+π− and π+π− systems. The up-down
asymmetry of the photon with respect to this plane is proportional to the photon-polarisation, λ.

The LHCb experiment has performed a first measurement of this up-down asymmetry using a dataset
corresponding to 3 fb−1 of integrated luminosity [7]. The complete dataset contains 13876 ± 153 signal
candidates. It is split into four regions of K+π−π+ invariant mass, shown in Fig. 1, designed to separate
different resonant contributions. The measured up-down asymmetry in the four regions is also shown in
Fig. 1. Combining the four regions, evidence for non-zero photon polarisation is observed at the level of 5.2σ.
This is the first observation of photon polarisation in radiative b-hadron decays. Whilst clear evidence for
polarisation is seen, an understanding of the hadronic system is needed to compare the measured asymmetry
to the left-hand polarisation prediction of the SM. Work is needed on the experimental side to understand the
different resonant contributions to the K+π−π+ system and on the theoretical side to convert the measured
K+π−π+ spectrum and the up-down asymmetry into a measurement of the photon polarisation.

4 Angular distribution of B0→ K∗0µ+µ−

The polarisation of virtual photons can also be probed using the angular distribution of B0→ K∗0µ+µ−

decays, where K∗0→ K+π−, at low dimuon invariant mass squared, q2. The angular distribution of this
decay can be defined by three angles, θ`, θK and φ, as (see for example Ref. [8])

d4Γ

d cos θ` d cos θK dφ dq2
=

9

32π

∑
i

Ji(q
2)fi(cos θ`, cos θK , φ). (4)

Here, θ` is defined by the direction of the µ+ (µ−) with respect to the B0 (B0) in the dimuon rest frame
and θK by the direction of the kaon with respect to the B0 (B0). The angle φ is the angle between the
plane containing the µ+ and µ− and the plane containing the kaon and pion. The angular distribution can
be particularly sensitive to the contribution of new virtual particles through their interference with the SM
contributions. Different angular terms, Ji(q

2), are sensitive to different K∗0 polarisation states and provide
complementary information.

The ATLAS, CMS and LHCb experiments have all performed measurements of the B0 → K∗0µ+µ−

angular distribution using the data they collected in 2011 [9, 10, 11]. Due to the rarity of the decay and
the small number of candidates that are reconstructed, the experiments do not simultaneously fit for all of
the angular terms. ATLAS and CMS measure only the longitudinal polarisation fraction of the K∗0 and
the forward-backward asymmetry of the dimuon system, AFB, shown in Fig. 2. The LHCb experiment also
measures the asymmetry between the two transverse K∗0 polarisations, which is particularly sensitive to the
handedness of the photon polarisation. All of these measurements are consistent with SM expectations.

The LHCb experiment has also made first measurements of two new observables [13], P ′4,5, which are free
from form-factor uncertainties at leading order [14]. The result of these measurements is shown in Fig. 3.
Interestingly, a large local discrepancy of 3.7σ is seen between the measurement and the SM prediction
in the q2 range 4.3 < q2 < 8.68 GeV2/c4 for P ′5. Several recent attempts have been made to understand
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this anomaly by performing global fits to the measurements of the angular distribution made by the LHC
experiments, CDF and the B factories. The data are best described by a model in which a new vector current
is introduced that destructively interferes with the SM contributions [15, 16, 17]. This is most visible at low
q2 due to additional interference with the virtual photon contribution in the SM. A new vector current is
best explained in models that introduce a Z ′ boson with flavour violating couplings [18]. It is less easy to
explain this type of deviation in supersymmetric models. It is also possible that part of this discrepancy can
be explained by an underestimate of the uncertainty on the SM prediction, coming from the treatment of
the form-factors [19] or from our understanding of cc contributions to the decay [20]. The datasets collected
by the experiments in 2012 may help to shed light on the situation.
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Figure 2: Fraction of longitudinal polarisation, FL, of the K∗0 produced in B0→ K∗0µ+µ− decays (left) and
forward-backward asymmetry, AFB, of the dimuon system (right) as a function of the dimuon invariant mass
squared, q2. Results of fits to the datasets collected by the ATLAS [9], CMS [10] and LHCb [11] experiments
are included. The data are overlaid with a SM prediction based on Ref. [12] and references therein.
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Figure 3: Form-factor free observables P ′4 and P ′5, measured by the LHCb collaboration [13] in B0 →
K∗0µ+µ− decays in bins of dimuon invariant mass squared, q2. The data are overlaid with a SM prediction
described in Ref. [14].
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5 Branching fraction of semileptonic b→ sµ+µ− decays

If there is a new vector current that explains the anomaly in the B0→ K∗0µ+µ− angular distribution, then
its influence should also show up in other decays involving b→ sµ+µ− quark level transitions. In particular,
the destructive interference will result in branching fractions that are below their SM expectation.

In Refs. [11, 21], the LHCb collaboration performed measurements of the differential branching fraction
of the decays B0→ K∗0µ+µ−, B+→ K∗+µ+µ−, B0→ K0µ+µ− and B+→ K+µ+µ−. The measurements
for B0→ K∗0µ+µ− and B+→ K+µ+µ− are shown in Fig. 4. All of these measurements are below their SM
expectation. However, they are consistent with the SM when accounting for the large uncertainties on the
SM predictions coming from the B → K(∗) form-factors.
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Figure 4: Differential branching fraction of the decay B0→ K∗0µ+µ− measured by the CMS and LHCb ex-
periments (left) and of the decay B+→ K+µ+µ− measured by the LHCb experiment (right) as a function of
the dimuon invariant mass squared, q2. The data are overlaid with SM predictions described in Refs. [12][22].
A prediction for the differential branching fraction of the B+→ K+µ+µ− decay using form-factors from
lattice [23] is also included.

.

6 Lepton universality

The large form-factor uncertainties in B→ K(∗)µ+µ− decays can be cancelled by forming appropriate ratios
or asymmetries between similar decays. An example is the ratio

RK =

∫ 6 GeV2/c4

1 GeV2/c4
dΓ[B+→K+µ+µ−]

dq2 dq2∫ 6 GeV2/c4

1 GeV2/c4
dΓ[B+→K+e+e−]

dq2 dq2
. (5)

This ratio is very close to unity in the SM, due to the universality of the electroweak couplings to leptons. It
differs from unity in the SM only because of tiny contributions from Higgs penguins and small phase-space
differences, which amount to a correction of O(10−3) . The B → K form-factors cancel completely in this
ratio. In models with an extended Higgs sector, RK can be larger than unity because m(µ) > m(e). In
models with an additional Z ′ boson, RK can be both larger or smaller than unity depending on how the Z ′

couples to the different flavours of lepton.
The LHCb experiment has recently produced the most precise measurement of RK to date [24] of

RK(1 < q2 < 6 GeV2/c4) = 0.745 +0.090
−0.074(stat) +0.036

−0.036(syst) . (6)

This measurement is consistent with the SM at the level of 2.6σ. It could be consistent with the Z ′ interpre-
tation of the anomaly in the B0→ K∗0µ+µ− angular distribution if the Z ′ couples preferentially to muons
over electrons.
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7 Charm and top decays

Up-type FCNC transitions happen at significantly lower rates than down-type transitions in the SM, due
to the small size of the b-quark mass with respect to that of the t-quark. This makes the GIM cancellation
much more effective in up-type transitions and leads to branching fraction predictions, for example, at the
level of 10−18 for the D0→ µ+µ− compared to B0

s→ µ+µ− at the level of 10−9.
The LHCb experiment has recently published several searches for rare charm decays [25, 27, 27], improving

existing limits from the B factories by about a factor of fifty. The results of these searches are

B(D0→ µ+µ−) < 6.8× 10−9 at 95% CL

B(D+→ π+µ+µ−) < 8.3× 10−8 at 95% CL

B(D+
s → π+µ+µ−) < 4.1× 10−7 at 95% CL

B(D0→ π+π−µ+µ−) < 5.5× 10−7 at 90% CL

(7)

In all cases the measurements are several orders of magnitude above the SM predictions for rare FCNC
charm decays, but probe branching fractions that are interesting for extensions of the SM [29].

The general purpose detectors are also able to look for FCNC top decays, which are exceedingly rare in
the SM and interesting because the top quark is the heaviest of the SM particles. The CMS experiment
has performed searches for decays t → Z0 + jet [30], where the Z0 → `+`− and the other top quark is
reconstructed through its dominant decay t→W+b. CMS sets a limit at the level

B(t→ Z0 + jet) < 5× 10−4 at 95%CL , (8)

improving on previous limits from the ATLAS experiment. Due to the large top mass, it is also interesting
to study FCNC Higgs decays. These results are not reported here, but are described in Refs. [31, 32].

The ATLAS experiment has also performed searches for FCNC top couplings by looking at anomalous
single top production through quark + gluon → top. ATLAS sets limits of [33]

B(t→ ug) < 5.7× 10−5 at 95% CL

B(t→ cg) < 2.7× 10−4 at 95% CL .
(9)

8 Conclusions

The excellent performance of the LHC and the LHC experiments, along with large production cross sections
at
√
s of 7 and 8 TeV, has enabled unprecedentedly large samples of top, beauty and charm decays to be

reconstructed. Using these large samples the CMS and LHCb experiments have seen evidence of the very
rare decay B0

s → µ+µ− for the first time. The LHCb experiment has also been able to demonstrate for
the first time that photons produced in b→ sγ transitions are polarised using B+ → K+π−π+γ decays.
In the SM, this polarisation is almost purely left-handed. A more detailed understanding of the K+π−π+

system will be needed to confirm that this is true in data. Precise measurements of the angular distribution
of B0→ K∗0µ+µ− decays have also started to be made by ATLAS, CMS and LHCb. The most precise of
these, by LHCb, shows a local discrepancy with the SM. The data collected by the LHC experiments in 2012
will help to resolve the discrepancy, but more work may be needed from the theoretical side to understand
the nature of any discrepancy.
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