Angular analyses of b → s`` modes at LHCb

RWTH, Aachen
E-mail: eluned.a.smith@cern.ch
The study of rare decays mediated via b → s`` transitions allows for new physics searches which
are sensitive to mass scales up to O(100) TeV. Sensitivity to new physics can be increased via
angular analyses, as angles involve ratios of observables, causing angular coefficients to have
reduced theoretical uncertainties. There continue to be significant tensions with the Standard
Model across a range of experimental observables associated with b → s`` decays, including in
angular observables. These proceedings outline the latest analyses involving this class of decays
at LHCb, with a focus on angular analyses and modes involving muons.
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1. Rare decays and angular analyses
The majority of the decays discussed in these proceedings occurs via b → s`` transitions,
mediated with Flavour-Changing Neutral Currents (FCNC), as indicated schematically in figure 1.

As FCNCs cannot occur at tree-level, b → s`` decays are suppressed in the Standard Model
(SM). This suppression makes the experimental observables associated with these decays more
sensitive to new physics (NP) effects. Furthermore, the inherent higher-order nature of these decays
renders them sensitive to diagrams mediated via off-shell NP particles and, as such, allows for the
testing of NP models involving mass scales of up to O(100) TeV [1].
In order to facilitate the search for signs of NP, measured experimental observables must be
compared with their values as predicted by the SM. These SM predictions are performed within the
context of effective field theory, exploiting the different mass scales involved in b→ s`` transitions,
which allows one to integrate out the heavier degrees of freedom and represent them with constants
referred to as Wilson coefficients.
As such, experimental observables can be described in terms of combinations of Wilson coefficients, and other nuisance parameters such as form factors, which describe the purely hadronic
parts of the process. Due to the heavier nature of the physics that they describe, Wilson coefficients
have small theoretical uncertainties when compared with the uncertainties associated with the form
factors describing softer QCD effects. The theoretical uncertainty on angular coefficients is reduced as these observables are dependent on ratios of decay properties, in which some theoretical
uncertainties cancel. In these proceedings the status and results from various rare decay analyses
at LHCb are discussed, with a focus on angular analyses involving muons.

2. Angular analysis of the decay B0 → K ∗0 µ + µ −
This section focuses on the analysis performed by the LHCb collaboration in Ref. [2], using
the 3 fb−1 of data collected during the Run 1 data taking of the LHC.
The CP-averaged angular decay rate of the decay B0 → K ∗0 µ + µ − , where the K ∗0 decays as
K ∗0 →K + π − , can be expressed in terms of bins averaged over the square of the dimuon invariant
mass (q2 ) as
1
d 3 (Γ + Γ)
= ∑ Ii fi (Ω),
(2.1)
d(Γ + Γ)/dq2
d~Ω
i=1
1
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Figure 1: Example Feynman diagram for a b → s`` transition
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where ~Ω = d cos(θK ), d cos(θl ), φ and the angles θk,l , φ are defined schematically in figure 2.

The constants Ii are either CP-even (S j ) or CP-odd (Ak ) angular coefficients, which are particularly sensitive to the Wilson coefficients C9,10 . An additional suffix s or c is conventionally added
to some of the Ii terms to indicate that they have a sin2 (θk ) or cos2 (θk ) dependence.
To extract the angular coefficients, the expression in equation 2.1 is fitted to the angles, ~Ω, in
data, in bins of q2 , with the mKπ µ µ mass distribution being used to distinguish between background
and signal. In turn, the mKπ distribution is used to distinguish between the resonant signal coming
from the K ∗0 vector resonance and the non-resonant Kπ spin-0 component (whereby the presence
of the latter adds an additional 7 angular coefficients to the decay rate, which are treated as nuisance
parameters).
The charmonium mediated tree-level decays, B0 →J/ψ (→µ + µ − )K ∗0 and B0 → ψ(2S)(→
µ + µ − )K ∗0 , have the same final state as B0 → K ∗0 µ + µ − and a much higher decay rate, and as
such, vetoes must be used to remove contributions from these decays. This is achieved by vetoing
events in the q2 spectrum which lie near the J/ψ and ψ(2S) masses, as demonstrated in figure 3,
which shows the invariant mass, mKπ µ µ , against q2 for all data events collected in Run 1 by the
LHCb experiment and passing the relevant selection criteria.
The similarity of the charmonium mediated decays to the signal channel is exploited however,
by using these decays as control channels, helping to reduce systematic uncertainties on results.
2
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Figure 2: Definition for the angles used in the B0 → K ∗0 µ + µ − angular analysis.
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The fit to the angles ~Ω for Run1 LHCb data in the region 1.1 < q2 < 6.0 GeV/c2 is shown
in figure 4 and the resulting values for some of the angular coefficients are shown in figure 5.
The angular coefficients shown are FL (= S1c ) and AFB (∝ S6s ). Both angular coefficients shown in
figure 5, along with most other angular coefficients, are in good agreement with the SM.

Figure 4: Fit of LHCb Run 1 data to angles in the q2 range 1.1 < q2 < 6.0 GeV/c2 . Blue represents the
projection of the signal PDF and red the projection of the background PDF.

The theoretical error on the angular coefficients can be further reduced by taking combinations
of the Ii terms such that the form factor uncertainties cancel at first order. These are referred
to as Pi0 variables [3]. There is a significant discrepancy between the SM predictions and the
3
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Figure 3: The invariant mass, mKπ µ µ , against q2 for all B0 → K ∗0 µ + µ − signal candidates collected in Run
1 by the LHCb experiment and passing the selection criteria. The decay B0 → K ∗0 µ + µ − is clearly visible
inside the dashed vertical lines. The horizontal lines denote the charmonium regions, where the tree-level
decays B0 →J/ψ (→µ + µ − )K ∗0 and B0 →ψ(2S) (→µ + µ − )K ∗0 dominate. These candidates are excluded
from the analysis.
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measured values for the variable P50 . This discrepancy is observed across a range of experiments,
as demonstrated in figure 6, where results are shown from the collaborations: LHCb[2], OMS [4],
Belle[5] and ATLAS[6]. This tension amounts to a 3.4σ deviation from the SM when considering
the LHCb data alone and assuming that the discrepancy comes from a shift in C9 alone. There is
also some tension seen at low q2 in the B0 → K ∗0 µ + µ − branching fraction measurement, where
the observed branching fraction is below what is expected in the SM, with similar trends in other
b → s`` transitions being described further in the following section.

Figure 6: The measured value of the angular coefficient P50 by different experiments compared against
different theoretical predictions.

3. The decay B0s → φ µ + µ −
As with the decay B0 → K ∗0 µ + µ − , the decay B0s → φ µ + µ − is a b→ s`` FCNC, whose angular
coefficients and decay rate can be used as tests of the SM. A similar angular analysis as described
for B0 → K ∗0 µ + µ − decays was also performed by the LHCb collaboration on Run 1 data in Ref. [7]
using B0s → φ µ + µ − decays. A key difference here however is that, as the φ decays to two kaons,
0
the B0s cannot be distinguished from the Bs decay without flavour tagging, where the introduction
of flavour tagging would result in a large lose of statistics, and therefore the P50 variable can not be
accessed.
4
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Figure 5: Results of two of the angular coefficients extracted from the angular fits performed in bins of q2 .
See text for more explanation.
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In general, good agreement is seen for this mode between the SM predictions and the angular
coefficients. The branching fraction however shows significant deviations from the SM, as shown
in figure 7, top left. Again, here the branching fraction is measured relative to the charmonium
mode B0s → J/ψ φ , which helps to reduce systematic uncertainties.
The trend seen in the B0s → φ µ + µ − branching fraction at low q2 is mirrored elsewhere, as
further highlighted in figure 7 (bottom and top right), where the measured branching fractions for
various other b →s µ µ processes [8] are shown plotted against their SM predictions.

4. Global fits to b→ s `` results and measuring charm-loop interference
There have been a number of measurements involving b → s`` transitions which show tension
with the SM. These include the above-mentioned angular analyses, but also measurements involvµ + µ −)
ing the ratios RX = B(b→X
B(b→Xe+ e− ) , which should be near-unity in the SM [9], and are theoretically
very clean. Interestingly, the values of RX measured indicate a deficit of muons [10, 11], which is
compatible with the tensions observed in the branching fraction and angular analyses of b →s µ µ
transitions involving muons.
To quantify these observed tensions across different data sets further, one can perform a global
fit across different experimental results. In these global fits the form factors and nuisance parameters are constrained and the Wilson coefficients are fitted for.
5
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Figure 7: Differential branching fraction for b →s µ µ transitions with different spectator quarks, as indicated on the plots, against SM predictions. Red boxes highlight persistent tension with SM predictions at
low q2 .
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An example of such a fit is shown in figure 8, taken from Ref. [12] , with similar fits carried
out across a range of studies by different authors [13, 14]

Depending on which Wilson coefficients are allowed to float, deviations of up to 4σ from the
SM are observed when only the theoretically clean RX observables are taken into account. These
tensions go up to above 5σ when results with larger theoretical uncertainties, such as those from
angular analyses, are taken into account. In the case that new physics is observed, such angular
observables would be vital for understanding the size and handedness of the NP contribution.
It is also possible however, that the deficit in muons at low q2 with respect to the SM could be
caused by incorrect parametrisation of the destructive interference from long distance effects from
the cc vector resonances [15]. This interference would affect the Wilson coefficient C9 , as this coefficient represents the vector contribution to the integrated-out b → s`` loop. In order to investigate
this further, one can use the data itself to parameterise this possible interference effect. This can be
achieved by fitting across all q2 and fitting directly for the Wilson coefficients, whilst modelling C9
as the true value of C9 plus an additional contribution from charmonium vector resonances, Y(q2 ):
C9e f f = C9 +Y (q2 ).

(4.1)

Here, Y(q2 ) is expressed as a sum of all possible charmonium resonances up to the open charm
threshold, where each resonance is described by a line-shape Ares , generally a Breit-Wigner, a
magnitude (η j ) and its phase (δ j ) relative to C9 . This gives:
C9e f f = C9 + ∑ ηi δi Ares,i

(4.2)

i

This fit model was applied to B+ →K + µ + µ − Run 1 data from LHCb in Ref. [16]. Fitting
the decay rate, expressed in terms of C9e f f , C10 , form factors and other nuisance parameters, the
magnitudes and phases were found to be small and, within the given limitations of the model, not
large enough to explain the large discrepancies seen in C9 . The interference between the long and
short distance components of the fit is demonstrated in figure 9.
6
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Figure 8: Results of the best value of the Wilson coefficients from the global fit taken from Ref. [12],
assuming all other coefficients are SM-like. LFU in legend indicates the results when only considering the
Lepton Flavour Universality variables RX .
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Figure 9: One of the unbinned fits to B+ →K + µ + µ − data. The interference between the long-distance and
short-distance physics is indicated on the figure.

5. b → d`` transitions
The increasing statistics being collected by the LHCb collaboration means that measurements
of decays with smaller branching fractions, or from mothers with a smaller fragmentation fraction
such as Λb0 ’s, are now becoming possible. These includes measurements of b → s`` transitions in
baryons as well as Cabibbo suppressed b → d`` transitions.
The measurement of b → d`` transitions is of interest, not just because they can be used to
perform similar tests of the SM as per with the b → s`` decays, but also because the combination
of b → d`` transitions with their b → s`` equivalent allows for a test of Minimal Flavour Violation.
∗0
First evidence of the b → d`` mediated decay B0s →K µ + µ − was reported by LHCb in
Ref. [17] and the mass fit can be seen in figure 10. The first observation of a b → d`` transition in

∗0

Figure 10: Fit to the invariant mass spectrum for Kπ µ µ candidates. The decay B0s →K µ + µ − can be seen
to the right of the larger B0 peak.

the baryon sector was also reported by LHCb in Ref. [18].

6. Conclusions
The study of rare decays allows for tests of the Standard Model of up to heavier mass scales
than those permitted by direct searches. There is currently much interest being generated in the
7
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flavour sector by observed deviations to the SM in experimental observables associated with
b → s`` decays, including discrepancies in angular variables. Angular observables are of great
interest as they help give more information of the nature of possible new physics models and a
have a relatively low theoretical uncertainty when compared with observables such as decay rates.
With the advent of both Run 3 at the LHC and the upgraded Belle 2 experiment, the flavour sector
and rare decays will continue to be an interesting place to look for new physics.
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