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Rare b — s(, ) decays are flavour changing neutral current processes that are forbidden at the
lowest perturbative order in the Standard Model (SM). As a consequence, new particles in SM
extensions can significantly affect the branching fractions of these decays and give rise to new
sources of CP-violation. The LHCb experiment is ideally suited for the analysis of rare decays
due to the large cross-section for bb production at the LHC, as well as its high trigger efficiency
and excellent tracking, vertex reconstruction and particle identification capabilities. Recent re-
sults from the LHCb experiment in the area of semileptonic and radiative b — s transitions are
presented and their interpretation is discussed.
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1. Introduction

Rare decays of b-hadrons are Flavour Changing Neutral Currents (FCNC) that are forbidden
at tree-level in the Standard Model (SM). Consequently they constitute an ideal place to search for
New Physics (NP) effects since the decay properties are very sensitive to potential new contribu-
tions entering the loop.

A model-independent description of rare decays is provided by the Operator Product Expan-
sion [1], in which the effective Hamiltonian is decomposed as:

Hepo Y (CM+CYF) -0 (1.1)

where C; and O; are the Wilson coefficients and operators representing the different interaction
terms. The values of the Wilson coefficients can be extracted from global fits to the data. Any
deviation from the SM predictions would be a clear sign of NP.

2. Electroweak b decays

Rare electroweak decays of b-hadrons provide a rich variety of observables to test the presence
of NP in the penguin loop. Measurements of differential branching fractions () in several b —
s¢T ¢~ decays by LHCb [2, 3, 4, 5] show a systematic trend at low ¢> towards lower values with
respect the SM prediction, as can be seen in Figure 1.
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Figure 1: Differential branching fractions for (from top-left to bottom-right) B* — K*u*u~, B —
Koufp=, Bf — K* ptp~, B KOputp=, BY— oputp~ and A — Aptp~ decays.

It should be noticed that this trend has not been observed in b— d/* ¢~ transitions [6], although
the precision in these modes is lower so the situation is still inconclusive.

On top of updating these measurements with larger statistics it is important to explore other
related modes to confirm the pattern. LHCD has recently observed for the first time the rare baryonic
transitions A? — pr~puu~ [7] and A? — pK~ ' [8]. The 2 of A — pr~ ™ is measured
relative to At? — pt~J/y and found to be:

BA —pr ' u)=(69+1.9+1.17]3) x 1078, (2.1)
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This constitutes the first observation of a baryonic b — d transition.

For the Al? — pK~utu™ decay, Charge-Parity (CP) observables have been studied. In partic-
ular, the difference between the direct CP asymmetry in Ag — pK utu™ and Ag — pK~J/y, for
which no asymmetry is expected, has been measured to be:

AAcp = Acp(AD — pKT W u™) —Acp(A = pK J/w) = (=3.5£5.0+£0.2) x 1072, (2.2)

A complementary time-odd observable is constructed based on asymmetries in the angle between
the wtu~ and pK~ decay planes, which has been found to be:

al4 = (1245.040.7) x 1072, 2.3)

Both observables are compatible with no CP violation.
The invariant mass distributions of At? — pn uwhu and At()) — pK~ ™ candidates, split in
CP eigenstates for the latter, are shown in Figure 2.
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Figure 2: Invariant mass distribution of Al? — pr wu (left) and Al? — pK~utu (right) candidates.

Angular observables in b— s/*¢~ transitions are also very sensitive to NP, in particular the
theoretically clean P/ introduced in Ref. [9] that are free from form factor uncertainties at leading
order. LHCD reported a deviation from the SM predictions in the differential distribution of P in
the B® — K*®u* ™ decay using the full Run 1 data sample [10]. More recently, Belle [11] and
Atlas [12] have reported similar results, while CMS [13] observes a distribution compatible with
the SM expectations and the LHCb measurement. Angular analyses of other decay modes are in
agreement with the SM predictions but they are not using such theoretically clean observables.

Global fits [14, 15, 16, 17, 18] including both angular and % measurements together with
recent tests of Lepton Flavour Universality (LFU) in b— s¢™¢~ decays [19, 20] point to additional
NP contributions to the Cy Wilson coefficient to explain the observed anomalies. However other
authors suggest that a subset of the anomalies could be explained by hadronic effects [21, 22].

To study possible contributions from the charm-loop, a measurement of the phase difference
between the short- and long-distance contributions to the decay B" — K u"u™ has been per-
formed using LHCb Run 1 data corresponding to an integrated luminosity of 3 fb~' [23]. The
long-distance contribution to the BY — Kt pu™ ™ decay is modelled as a sum of relativistic Breit-
Wigner amplitudes representing the p, @, ¢, J/y, w(2S), y(3770), y(4040), y(4160) and y(4415)
resonances decaying to muon pairs, each with their own magnitude and phase. The measured
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phases of the J/y and y(2S5) resonances are such that the interference with the short-distance com-
ponent in the dimuon mass region far from their pole masses is small. The full fit to the dimuon
spectrum is shown in Figure 3 left. The branching fraction of the short-distance component is
computed by setting the amplitudes of the resonances to zero:

B(BT— Krptp ) =(4.37+0.15+£0.23) x 10~ (2.4)

which is compatible with the previous analysis [2]. In addition, a likelihood scan of the Wilson co-
efficients Cg and Cj is performed taking into account both short- and long-distance contributions,
leading to a deviation of around 3¢ with respect the SM value, as shown in Figure 3 right.
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Figure 3: Dimuon invariant mass distribution of B* — K*pu™u~ (left). Likelihood scan of the Wilson
coefficients Cg and Cj¢ (right). The blue triangle shows the SM prediction.

3. Radiative b decays

Radiative b— sy decays also provide interesting observables to search for NP effects. Both %
and direct CP observables have been measured to be in good agreement with the SM [24]. However,
there is still room for NP in the photon polarisation in such decays. The photon polarisation is
predicted to be dominantly left-handed in the SM due to the absence of right-handed currents and

su_ P(v) —P(w) _ my
=P T <mb> | G-D

New physics models could enhance the right-handed contribution up to 50% [25] and thus a precise

is defined as:

measurement of this observable is desirable.

A non-zero photon polarisation was observed for the first time in radiative b-decays in the
mode BT — K" 7"~y using the full LHCb Run 1 dataset [26]. However, the exact value of the
polarisation depends on the hadronic content and could not be determined.

The photon polarisation can also be accessed through the BY — ¢ decay. In the case where
the flavour of the initial meson is not known, the time-dependent decay rate can be written as:

Tpo,gy(1) o< € " [cosh(ATt /2) — A%sinh(ATt /2)] (3.2)

where A% is related to the photon polarisation. The SM prediction for this observable is A* =
0.047f8:8§g [27]. LHCb has performed a time-dependent analysis of the decay rate of B? — ¢y
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using the full Run 1 sample [28]. The A parameter is obtained from a fit to the background
subtracted B” — ¢y decay-time distribution shown in Figure 4 and is found to be:

A% = —0.987553753 (33)

which is compatible with the SM expectation at 2.6G.
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Figure 4: Fit to the BY — ¢y decay-time distribution. Black dots represent the data points and the blue solid
line the fitted distribution.

Baryonic b— sy decays are also sensitive to the photon polarisation through angular analyses
and are accessible at LHCb. For instance, for the decay At? — Ay the angular distributions of the
final state particles are given by:

ar
dcos6, o« ] — ayPAgcosey
dr
dcost, o< 1 — ooy, 1 /c0s0), (3.4

where ay is the photon polarisation, Pyo = (0.06 +0.07) [29] is the initial A polarisation and
@12 = (0.642+0.1 3) [24] is the weak parameter of the A — pz~ decay.

4. Conclusions

Rare FCNC b-decays provide clean observables to search for NP effects. Several tensions with
respect to the SM predictions have been observed in 4 and angular observables of EW penguin
transitions. Recent LFU tests point in the same direction. Updates of previous measurements and
new analyses expanding the physics reach are ongoing to cross-check these observations.

For radiative b-decays the most promising observable to test the SM is the photon polarisation.
A first measurement of this parameter by LHCD is reported. Analyses using more information and
new decay modes are ongoing to obtain this observable with higher precision.

The exploitation of LHCb Run 2 data to study rare modes is ongoing and new results with
higher precision are expected very soon.
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