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Being extremely suppressed in the Standard Model, rare decays of heavy-flavoured particles are
a powerful probe of New Physics, and allow to reach energies beyond those accessible through
direct searches. Several new results have been obtained by the LHC experiments. In particular,
b — sI™I~ transitions give access to a large spectrum of observables, which provide complemen-
tary information on possible New Physics contributions. In this sector, tensions with Standard
Model predictions have been observed.
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1. Introduction

In the Standard Model (SM), flavour changing interactions are mediated by the charged weak
bosons. Transitions among the different quark flavours are regulated by the Cabibbo-Kobayashi-
Maskawa (CKM) quark mixing matrix, which is approximately diagonal [1]. Any direct transition
among the up or down type quarks, namely flavour-changing-neutral-current (FCNC) transitions,
are forbidden at tree level, making these processes rare in the SM. FCNCs provides a large variety
of observables which are precisely predicted in the SM, i.e. branching fractions, angular observ-
ables, CP asymmetries, and which may be interested by important deviations from the SM in case
of New Physics (NP), as predicted by several Beyond the Standard Model (BSM) theories.

Rare decays cover a large variety of physical processes, they can be divided according to their
final state, or depending on the parent hadron involved in the decay process. In the former case,
we can talk about purely leptonic decays, with only leptons in the final state (e.g. B(()S) —utu);
semileptonic decays, where both hadrons and leptons are present in the final state (e.g. B?s) —
K*u"u); and radiative decays, where a radiated photon is also involved. In the latter case, we
can split rare decays in B-meson, D-meson and strange (if strange quarks are involved) decays, or
baryonic decays if the decaying particle is a baryon instead of a meson.

Rare decays theoretical description is particularly challenging because of the different scales
involved, from the small QCD scale (Agcp ~ 0.2 GeV) to the large scale which would govern New
Physics. To face this, FCNC transitions can be described by means of an effective field theory in
which short and long distance contribution are separated, and which describe the transition as an
Operator Product Expansion [2]. For b — s transitions the effective Hamiltonian can be written
has:

2
Hagy = =TV e EICHO) + )0} (L.
where Gr is the Fermi constant and V;; are CKM matrix elements. The Wilson coefficients, C;,
contain the perturbative, short distance effects, while the non perturbative QCD and long distance
physics is encoded in the operators O;. New physics effects can be described either by a modifi-
cation of a Wilson coefficient or by the appearance of a new operator not present in the SM. The
sensitivity to different operators and Wilson coefficients depends on the decay topology and on the
¢* region of interest (as shown in Fig. 1 for b — sI*1~ processes), where ¢* denotes the invari-
ant mass squared of the lepton pair. Table 1 summarises the operators that contribute to radiative,
purely leptonic and semileptonic decays.
In this document I present a selection of the rare decays sector results from the LHCb, CMS,
ATLAS and Belle experiments.

2. Fully leptonic meson decays

The B® — utu~ and B? — putu~ decays, are very rare in the SM. They can occur only
through loop diagrams and are helicity suppressed. Given their purely leptonic final state, and
thanks to the very precise lattice QCD calculations, their branching fraction (BF) is very precisely
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Figure 1: Differential branching fraction as a function of the dimuon invariant mass squared, ¢,
for b — sIT1~ processes. Depending on the ¢ region analysed, different Wilson coefficients can
be probed.

Table 1: Operators that contribute to rare B decays. O7, Oy and Oy are the electromagnetic pen-
guin, vector semileptonic and axial-vector semileptonic operators, respectively; while Og and Op
are the scalar and pseudoscalar operators.

Operator | Bys — Xu U™ | Bys— U U™ | Bgy— Xy

07 v v
Og v

O1o v v

Og v

Op v

predicted in the SM [3],

BB - utu) = (1.064£0.09) x 10710, (2.1)
BB - utu) = (3.66+0.23) x 107°.

Several BSM theories predict NP scalar or pseudoscalar operators, which might sizeable enhance
their decay rate. In addition, the ratio of the branching fractions between the B and the B; de-
cay modes also provides powerful discrimination among BSM theories, since in case of NP with
minimal flavour violation (MFV), it is not expected to diverge from the SM value.

Multiple searches for these decays have been carried on by the LHC experiments. The first
observation of the BY — u* 1~ decay at 6.26 significance, and evidence of the B® — u* u~ channel
at 3.00 significance, have been published thanks to the combined analysis of the LHCb and CMS
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collaboration [4]. The measured branching fractions,

BB —utu) = (3.0 x1071°, (2.2)
BB —utu) = (287070 <107,
are compatible with the SM predictions and put strong constraints on BSM theories. In addition, the
measurements have been combined to determine the ratio of branching fractions, which deviates
from the SM expectation by 2.3c0. Figure 2 shows the fitted dimuon invariant mass spectrum and
the variation of the test statistic —2AIn.Z for (B? — u*u~-).
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Figure 2: Weighted distribution of the dimuon invariant mass,m,+,- with the fit superimposed
(left), and variations of the test statistic — — 2AIn.Z for (B — u*u~) (right).

The ATLAS collaboration also found compatible results with CMS and LHCb, even if their
measurement remains below the evidence level (20) [5].

Recently, LHCb published an updated analysis of this decay [6], which led to the first obser-
vation by a single experiment of the B — u* 1~ decay, at 7.80 significance, and to the best upper
limit for the B mode. Besides the increased statistics, the measurement benefits from an improved
analysis strategy. In particular, a better sensitivity is achieved thanks to a most performant mul-
tivariate selection, which makes use of a new signal isolation, and a better particle identification
(PID) with a higher muon/pion discrimination power. The measured branching fractions are:

BB — utuT) < 3.4x1071%at95% CL, (2.3)
BB — utu~) = (3.0£0.6(stat) 03 (syst)) x 1077

The fitted mass distribution of the B(()S) — uu candidates with BDT > 0.5 and the likelihood
contours in the Z(BY — u*u~) vs (B° — u*u~) plane are shown in Fig. 3.

The branching fraction measurement is not able, alone, to constrain all possible NP, given
that it can not distinguish between scalar and pseudo-scalar contributions [7]. A complementary
measurement to that of the branching fraction, is that of the decay width asymmetry,

(B —p'u ) —T(Bf —putu)

AN B S i) T T(BE — i) D

In the SM only the heavy B; mass eigenstate decays to two muons, which implies a decay width
asymmetry Aar = 1, and a lifetime 7,+,- = 1.610+0.012 ps. Together with the branching frac-
tion measurement, LHCb published the first measurement of the BY — pu*u~ lifetime, 7(B? —
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Figure 3: Mass distribution of the selected B(()x) — uu candidates with BDT > 0.5 with the result
of the fit is overlaid (left), and likelihood contours in the (B — u*u=) vs (B° — u*u~) plane
(right).

ptp) = 2.04 £+ 0.44(stat) + 0.05(syst). The measurement is compatible with Axr = 1(—1) at
1 (1.4) o significance.
Another measurement of purely leptonic B decays performed by LHCb, is the search for the

decay B(()S) — 717 [8]. While the same considerations in terms of SM predictions and NP as for
the B, — putu~ decay mode are valid, the larger T mass, compared to that of the muon, makes

(s)
this channel less helicity suppressed (branching fraction predicted to be ~ 100 larger). In addition,

MVF models which accomodate the recent results from the Lepton Flavour Universality (LFU)
tests can lead to enhancement of its branching fraction up to a few percents. From the experimental
side, the search for this channel is more demanding than that for the corresponding muonic decay,
because of the presence of neutrinos in the final state. The 7 leptons are reconstructed in the
T~ — ntn v, final state, and the B — D (K~ n*)D; (K*K~ ) mode is used as control
channel. Since neither the B — 757~ nor B — 777~ has been experimentally observed, each
limit on the branching fraction is set assuming no contribution from the other decay, resulting in

BB —1717) <6.8%x107°at95% CL, (2.5)
BB —1717) <2.1x107at 95% CL.

These represent the best upper limits so far.

The last analysis of purely leptonic decays presented here, is that of the very rare strange decay
K? — utu~ [35], performed by the LHCb experiment. K — u* u~ decays are expected to occur
at a very low rate in the SM, Z(K? — u*u~) = (5.041.5) x 10~'2 [36], but his branching fraction
could be enhanced up to 10~'° in case of NP. In order to measure the BF, the analysis performs a
simultaneous fit in several BDT bins and two trigger categories. The K? — 7t 7~ decay mode, is
used as normalization channel, as well as being the main background for this analysis. The best
available upper limit is obtained, Z(K? — u*u~) < 1 x 10~ at 95% CL. This analysis as well as
the all strange physics program in LHCb is expected, in the near future, to largely benefit from the
improved trigger available from the beginning of Run2, which will strongly increase the sensitivity
to several rare and very rare strange mesons and baryon decays.
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3. Semileptonic b — s(d)/"]~ transitions

Semileptonic b — s(d)IT[~ transitions provide a rich spectrum of observables which are ex-
perimentally measurable with large enough precision to be sensitive to possible NP contributions.
We can split b — s(d)I "1~ studies in three categories:

e Measurement of differential branching fractions in bins of ¢>. The main limitation to those
measurements comes from the large theoretical uncertainty due to hadronic form factors and
non-factorisable hadronic effects.

e Angular analyses. They provide access to several observables which gives information com-
plementary to that of the BF measurements. Moreover, it is possible to build observables that
are free from form-factor uncertainties at leading order.

e Tests of lepton flavour universality. In the SM, branching fractions of semileptonic decays to
final states containing e, u and 7, are expected to be the same except for lepton mass effects.
Ratio of branching fractions are all the more a powerful test of the SM, since most of the
theoretical uncertainties cancel in the ratio between the two channels involved.

3.1 Differential branching fraction measurements

Several analyses of b — sI™[~ transitions have been performed by the LHCb collaboration.
Figure 4 shows the differential branching fraction distributions as a function of ¢* for B* —
Ktutu= B - K'u*u=, Bt - K*Tutu—, B — ¢utu—,and Ay, — Autu[9, 10, 11]. All the
experimental measurements are compared with the theoretical predictions in the all ¢g* spectrum,
excluding the cc resonance regions. Most of the experimental measurements tend to lie below
the SM expectations across the full ¢> range, especially in the region below ~ 6GeV?/c?, despite
most of them are not significantly lower than the SM prediction. In addition to the above men-
tioned decays, the differential branching fraction of the B° — K*u*u~ channel is measured by
both the CMS [13] and LHCb [12] collaborations. The LHCb measurement includes for the first
time the determination of the S-wave fraction of the K~ & system, which, previously, was treated
as a systematic. The measurement of the S-wave fraction is compatible with theory predictions,
and supports the previous estimates. As shown in Fig. 5, both measurements are in good agree-
ment among each other and with the SM, despite the same pattern observed in the other b — s~
transitions.

3.2 Angular analysis of B — K*utu~

A complementary approach to search for NP in b — s/~ transitions is the analysis of their
angular distribution. One of the golden channels for angular analyses is B — K*u*p~, which
complex structure gives access to several observables sensitive to the C;7, C9 and Cjy Wilson coef-
ficients and form factors. Angular analyses of this channel have been performed by the three LHC
experiments, ATLAS [15], CMS [16] and LHCb [14], and by Belle [17]. The angular structure of
the B — K*u*u~ decay can be fully described by three angles and g°. Its CP-averaged differen-
tial branching fraction can be expressed as a function of the fraction of longitudinal polarisation of
the K*0, Fy, the forward-backward asymmetry Arp, and the CP-averaged terms S;. Despite their
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Figure 4: Differential branching fractions as a function of the dimuon invariant mass ¢ for the
Bt — Ktutu=, B - Koutu—, BY - K**utu=, BY = ¢utu—, and A, — Autu~ decay
channels. Theoretical predictions are superimposed.
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sensitivity to possible NP, those variables are strongly affected by theoretical uncertainties. It is

possible, however, to combine them in order to create a theoretically cleaner basis. In particular,
the P/ set of variables [18], such as P{ = Ss5/+/F(1 — F.), are defined so that the dependence on

form factors is reduced.

While most of the measured observables are in good agreement with the SM predictions, some
discrepancies have been observed in the P variable by LHCb, ATLAS and Belle. The deviation of
the LHCb measurement from the SM is at the level of 2.8 ¢ and 3.0 ¢ for PZ, in the bins 4 < ¢> < 6
GeV?/c* and 6 < ¢*> < 8 GeV?/c?, respectively. Combining all the angular observables in the

LHCb analysis, a global difference of 3.4 ¢ from the SM expectation is observed.
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In addition to the muonic channel, Belle measured also P‘{ and PS/ for the electron channel. The
difference Q; = P; W P/, expected to be 0 in the SM, can be used as lepton flavour universality test.
While both measurements are compatible with the SM, a deviation of 2.66 is observed only for the
muon channel, in good compatibility with the LHCb and ATLAS results. The same discrepancy is
not observed in the electron channel, which point to the same direction of the LFU test results [19,
20]. Figure 6 compares the observed values for P/ with the theoretical expectation in the muonic

channel (left), and the measured Ps/, , and P5/,e from Belle (right).
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Figure 6: Comparison of P, as a function of ¢* from LHCb, Belle, ATLAS and CMS, for the
B® — K*u*p~ channel (left). P, distribution for B° — K*I*1~ decays from Belle (right).

3.3 Global fits and results interpretation

All the results showed so far, do not show a significant deviation from the SM if considered
separately. However, it is possible to perform a combined analysis, which takes in account all the
observables from b — s(d)Ill, b — Il and b — hy transitions, for a total of ~ 90 variables, and all
the experimental results. By those, so called, global fits, data-prediction deviations are minimised
by varying the Wilson coefficient and allowing for NP contributions. As a result, a negative NP
contribution with Cy ~ —1 seems to be preferred, with a significance of ~ 4 — 50 [31, 32, 33,
34]. The interpretation of this result is not unambiguous. A first, more optimistic, scenario can
explain those deviations as NP effect due to, for example, a Z' boson [21, 22, 23, 24, 25, 26] or
leptoquarks [27, 28, 29]. On the other hand, those deviations could be the result of underestimated
hadronic uncertainties, in particular contributions from the charm loop. To improve understanding,
LHCD performed an analysis of the B — KTt u~ channel [30], including all the resonances and
measuring the relative phases between the short-distance and the narrow-resonance amplitudes.

dU' _ Gra?|VaVil? 2. 202 o2, dmi(my —mi 242
— =————[k|B S |kI"B7|Ciof+(q7)| + —————|Ci0fo(q")
dq? 12873 3 } ’ 2m3 ‘ ‘
e 1= oo @+ 20t (3.1)
3 9J+\¢q 7mB+mK T\q ) .

where mp, mg, my, mg and my, are the masses of the mesons, quarks and leptons involved; the
constants Gr, V4, and a, and are the Fermi constant, the relevant CKM matrix elements and the



Overview of rare B-decays Jessica Prisciandaro

£~ 300 ‘
% . F LHCb
> E —e— data
(D) E
2 200 total
o short-distance
3 0F T e
:/ 100 o background
@ E
= 50
g o ,
§_50:..|....|....|-...:.5.|...: ] S E
@] 1000 2000 3000 4000 0 2 4 6
mies [MeV/c?] Re(Cy)
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likelihood profile for the Wilson coefficients Cy and Cjq (right).

QED fine structure constant; |k| denote the kaon momentum in the Bt meson rest frame; fo 1 r
represents the scalar, vector and tensor B — K form factors; and B = 1 —4my, /¢*. Finally, C;
are the Wilson coefficients involved in the decay. This analysis takes in account in the Wilson
coefficient the long-distance contribution, allowing all the magnitudes and relative phases between
the resonances to vary in the fit to the dimuon mass spectrum (see Fig. 7 (left)). The interference
between the resonant and non-resonant contribution is found to be small, and not able to explain
the tension observed in P{. From the Cg and Cjo two-dimensional likelihood profile, Fig. 7 (right),
the fit prefers |Co| > |C5| and [Cyo| < |C§3| if both free in the fit, and |Co| < |C3M| if C)g is
constrained to the SM value. This is in agreement with the global fits results. The branching
fraction of the short-distance component is found to be,

BB — K utum) = (4.3740.15(stat) £0.23(syst)) x 1077 (3.2)

in good agreement with the previous result from the exclusive analysis.

4. Conclusions

Rare decays constitute powerful probes to test the SM and validate BSM theories, given the
precise SM predictions, and the large expected contributions from NP. Many interesting results,
only few of them covered here, have been published by various experiments, like LHCb, Belle,
CMS and ATLAS. All the results, so far, are compatible with the SM predictions. Recently a
pattern has emerged in global fits that might hint to NP. A lot of work is still required to clarify the
tensions with the SM. New channels and observables have to be identified, and larger statistics will
be needed in order to increase the sensitivity and clarify the still open questions.
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