GLOBAL FITS TO RADIATIVE b —+ s TRANSITIONS
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I review the status of the model-independent analyses of b — s transitions. I discuss first
the effective Hamiltonian approach, before focusing on the impact of B —+ K*¢¢ and B >
K¢ observables. I consider several global fits performed recently, discussing some of their
differences. Finally, I give a brief overview of some limitations and prospects for theoretical
and experimental improvement.

1 Radiative b — s transitions in a model-independent approach

Radiative b — s and b — s/ transitions are particularly interesting flavour processes. These
Flavour-Changing Neutral Currents are suppressed in the Standard Model (SM) and dominated
by loop processes involving only heavy particles (top, W, Z). As such, they are expected to be
particularly sensitive probes of New Physics (NP) occurring at higher energies. This explains the
experimental interest in measuring these processes, at Babar, Belle, CDF, DO, and currently
at LHCb and CMS. If these measurements can be analysed in particular scenarios of New
Physics (Z’ boson, composite models, supersymmetry, extra-dimensions...), the presence of
very different scales for the external states (at most O(my)) and the internal degrees of freedom
(O(Mw) or above) allows for model-independent analyses relying on the effective Hamiltonian
approach. The latter is obtained by focusing on b — s transitions and integrating out all heavy
degrees of freedom, leading to the following Hamiltonian (in the case of the SM):
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up to contributions suppressed by additional powers of my/Mpy. The Wilson coefficients C;
describe the short-distance physics (function of my, my ... in the SM) whereas the local opera-
tors Q; correspond to long-distance physics involving only light/soft degrees of freedom. In this
framework, b — s transitions are mainly described by Q7 = e/(4m)250*" (1 + v5)Fpu, b, related to
the emission of a real or soft photon, Qg = €2/(47)237,(1 — 75)b &y, involved in b - spp via
the emission of a Z boson or a hard photon, and Q10 = €2/(47)25y,(1 — v5)b Zyuysf involved
in b — spp via the emission of a Z boson. The value of the Wilson coefficients can be obtained
by matching the SM at a high-energy scale pg = O(m:) and evolving down at pes = O(my)
[typically 4.8 GeV, with typical values CS¥ = —0.29, C§M = 4.1, C§{M = —4.3 (the matching
and running formulae are known up to NNLO, including electromagnetic corrections). In the
SM, there are additional contributions to the decay coming from 4-quark operators, in particular
from the effective operator Qf = [5yu(1 — v5)c]{Evu(1 — v5)b] (corresponding to a W exchange)
where the c¢ loop closes to emit a virtual photon yielding a di-lepton pair. The leading effect
coming from such four-quark operators can be absorbed in Cgﬁ =Co +Y(g?).
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Figure 1 — Predictions for the form-factor sensitive observable S3 and form-factor independent observable P;:
binned predictions in the SM (yellow) and predictions for a NP benchmark point (affecting C7,7/,9,10), with two
different types of hadronic inputs (green® and grey 7) ®.

The presence of New Physics can modify this picture by modifying the value of the Wilson
cocfficients C79 10, but also by allowing new long-distance operators @;, which would be very
suppressed or absent in the Standard Model. This yields the chirally-flipped operators Q7,97 10/
(obtained for instance by the presence of a W' coupling to right-handed fermions), scalar and
pseudoscalar operators Qs s p,pr (induced e.g., by the exchange of charged scalar or pseudoscalar
Higgs-like bosons) or tensor operators Q. (allowed in principle, but difficult to generate in
viable models). These NP contributions are expressed as C; = Cf M -i-C'ZNp at fres-

Combining measurements on inclusive and exclusive b — sv(*) processes allows one to con-
strain the values of the different Wilson coeflicients, as long as one has experimental measure-
ments and theoretical input for long-distance (hadronic) physics. Several groups have performed
such analyses within different approaches, in some cases providing also NP interpretations of
their results 1234, One should emphasise that several modes have been of particular interest
recently, namely the inclusive B — X ¢y branching ratio predicted with a high accuracy in the
SM, the exclusive Bs — pp measured with increased accuracy at LHCb and CMS, with recent
theoretical progress on higher-order QCD and electroweak corrections, the inclusive B — X (¢¢
branching ratio recently measured by Babar in several bins, the exclusive B — K¢¢ measured
with very fine binning by LHCb, and the exclusive B — K*¢¢ decays measured by LHCb, show-
ing interesting departures from the SM. Since most of the modes have been covered by other
presentations of this conference ®, I will focus on the last item, which has a deep impact on the
outcome of global fits to radiative b — s Wilson coefficients.

2 B KU

The B — K*¢¢ decay with a subsequent decay of K* — K= has a complicated kinematic
structure . The differential branching decay ratio can be described in terms of 12 angular
coefficients I;, which correspond to interferences between 8 transversity amplitudes, indexed
according to the polarisation (L, ||, 0,¢) of the (real) K* meson and the (virtual) intermediate
boson V* = v* Z* (or scalar) as well as the chirality (L, R) of p*p~ pair. In a first approxi-
mation, these amplitudes A} /R, A) /R, Ao,L/R, At (together with the scalar amplitude Ay)
depend on the dilepton invariant mass square ¢*> = s, the Wilson coefficients C7,Co,C10,Cs,Cp
(and their flipped-chirality counterparts) as well as B — K* form factors Ag 1,2, V, T1,2,3 from
the matrix elements (K*|Q;|B) of the effective Hamiltonian.

There are four different regions for the analysis of the decay. At very large K*-recoil (4m? <
¢ <1 GCV2), the photon is almost real, and one is sensitive to its pole via a C7/¢? divergencc,
together with the presence of light resonances (p, ¢). At large K*-recoil (¢* < 9 GeV?), the K* is
energetic (Eg+ > Agcp) and B — K* form factors can be estimated using light-cone sum rules
(LCSR). In the charmonium region (g% = mfb’w,_‘_ between 9 and 14 GeV?), predictions are very
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Figure 2 — Form-factor independent observables for B — K¢ (at low-recoil). Crosses indicate LHCb results, blue
curves are the SM predictions, purple boxes their binned counterparts.)

difficult due to the lack of precise description of the ¢C resonances which interfere significantly
in this region. At low K*recoil (¢> > 14 GeV?), the K* meson is soft (Ex+ ~ Agcp), and
the form factors can be derived using lattice QCD simulations. In this region, there are further
charmonium resonances, but it is expected that the quark-hadron duality holds for sufficiently
inclusive quantities, at an accuracy still under discussion. On the other hand, in the large
K* region, one may expect the region g2 > 6 GeV? to be already affected by the tail of the
J/v resonance. The presence of two regions of large- and low-K* recoils where Eg+ is of
order Mp or Agcp is particularly interesting from the theoretical point of view, as effective
theories can be built in both cases, respectively Soft-Collinear Effective Theory (boiling down
to QCD factorisation in this particular setting) and Heavy-Quark Effective Theory. These
effective theories disentangle soft [O(Agcp] from hard physics [O(m g)] in particular quantities.
In the limit m; — oo, the soft physics embedded in the 7 B — K™* form factors boil down
to 2 soft form factors £, (¢?) and £)(¢%) in the large K*-recoil limit % and 3 soft form factors
FL(d®), fi;(g?), fo(¢?) in the low K*-recoil limit '*. In both cases, the relationships between full
form factors and soft form factors get corrected by O(c) corrections from hard gluons (which
can be computed within perturbation theory) and O(A/m g) non-perturbative corrections (which
can only be estimated).

These simplifications have triggered the development of observables which are expected to
exhibit little sensitivity to form factors at low- and/or large-K™* recoils. In the massless lepton
limit and in the absence of scalar contributions, one can show that 8 independent observables
can be built in the large-recoil region: 6 can be chosen to be form factor-independent (P23
and Pfg4), and 2 other must be form-factor dependent (for instance the decay rate I' or the
longitudinal fraction F) !, A similar analysis can be made at low recoil’2. Such observables are
independent of hadronic form factors at leading order in the 1/m; expansion for the kinematic
range of interest, but keep a residual form-factor dependence once the corrections to the heavy-
quark limit are included. This dependence is however much smaller than in the case of ordinary
observables, and makes these observables particularly well suited to pin down NP contributions,
as the results will affected only marginally by hadronic effects. This is illustrated in Fig. 1 for the
two observables S3 (CP-averaged version of the angular coefficient I3) and Py = 253/(1 — Fy),
in the Standard Model and in a particular scenario of NP affecting C7 7/ g.10. Two different sets
hadronic form factors are used in the latter case, obtained from the LCSR %7. As some of these
determination have substantial uncertainties, it is not really surprising that the form-factor



observable S3 exhibit so large errors that they prevent from discriminating between the SM
case and the NP point considered. On the other hand, both sets of form factors yield the same
result for the form-factor independent P;, which remain a good probe of NP for both choices of
hadronic inputs.

LHCb has recently presented '3 binned results for B — K*¢¢ form-factor independent ob-
servables at large recoil, for ¢ € [0.1, 2], [2, 4.3], [4.3, 8.68] GeV?2, as well as a wide bin [1,6] GeV?2,
and at low recoil for ¢* € [14.18,16], [16,19] GeV2. The results show an interesting pattern of
deviations with respect to the Standard Model in P [with 2.9¢ (1.70) deviation in the second
(third) bin] and P{ [4.30 (1.60) deviation on the third (second) bin]. P, has the same zero as
Apg, related to Co/C7, whereas P; — —1 as ¢* grows, due to the smallness of Ai” compared
to Af |, for the SM values C§™ =~ —C{™, so that both deviations could be accommodated by
taking Cg smaller than its SM value.

3 A first global analysis

8.1 General framework

This result can be confirmed through a global analysis of & — s transitions. A first analysis of
radiative decays was presented !, considering the following observables:

o Optimised observables in B — K*u*u~: P, P, Pj, Pi, P; and P}, within the 3 large-
recoil bins [0.1,2], [2,4.3] and [4.3,8.68] GeV?, and the 2 low-recoil bins [14.18,16] and
[16,19] GeV?2.

e Forward-Backward Asymmetry in B — K*utp~: Once one has chosen a maximal set
of optimised observables, one has still to choose two independent observables sensitive
to form-factor uncertainties. The differential branching ratio dBr/dq? is one of them,
necessary to fix the overall normalization. App was chosen because of its expected higher
sensitivity to CY'¥ and its complementarity with Py?.

e Radiative and dileptonic B decays: Other important b — s penguin modes sensitive to
magnetic and dileptonic operator were considered:the branching ratios B(B — Xs7)E,>1.6GeV,
B(B — X5yt )j1,6) and B(Bs — p ™), the isospin asymmetry A;(B ~+ K*v) and the
B — K*v time-dependent CP asymmetry Sg-,. Other similar observables were disre-
garded, either because their theoretical description is not ascertained, such as Acp(B —
Xs7v), or because of experimental issues, as is the case with B — Ku*tu~ at the time of
the analysis.

For B — K*ppu, only the LHCb measurements have been considered. QCD factorisation
was used to compute large-recoil observables, with soft form factors determined from the LCSR
estimates of full form factors?. The considerations of the pulls for the various NP hypotheses
shows that the full set of large- and low-recoil data for B — K*u*u~ obtain the larger pulls
(around ~ 4 o) when adding C}F, independently of which other Wilson coefficients are left free to
receive NP contributions. The next-to-larger pulls are obtained by adding C}' (around ~ 3 o),
in all cases except when CSIP has been added beforehand; in such a case, the pull is ~ 1.3 o (still
the largest after CJ¥). The rest of the pulls are always around or below 1o. These results are
consistent with the fact that Cy plays a prominent role in explaining the B — K*u+ y~ anomaly;
besides that, a NP contribution to C7 is also favoured due to B — X7y though less strongly. If
only the large-recoil bins are considered, the main picture remains the same, although in some
cases some other coefficients may play a (more modest) role in the discussion. Finally, using
both low- and large-recoil data for B —+ K*putp~, one can compute the pull corresponding
to the C%P”-,,,Q,’m, = 0 hypothesis in the scenario where all 6 Wilson coefficients are allowed to
receive NP contributions. The resulting pull is below the ~ 0.1 ¢ level, indicating that no other
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Figure 3 — Fit in the (CXF,C3') (left) and (C5'F,CHF) (right) hypotheses, using the three large-recoil bins for B —
K*p* u~ observables, together with B -+ Xy, B —+ Xoutp™, B ~» K*v and Bs — p" ™. The dashed contours
include both large- and low-recoil bins, whereas the orange ones use only the 1-6 GeV? bin for B — K*u*tpu~
observables. The SM star c${§’ = (0,0) point corresponds to C%“é‘ = (—0.29,4.07) at up = 4.8 GeV. Experimental
correlations are included *.
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Figure 4 — Comparison between the SM predictions (gray boxes), the experimental measurements (blue data
points) and the predictions for the scenario with C}¥ = —1.5 and other CN'F = 0 (red squares) *.

NP contribution is required by the data apart from C'¥ and CNP. The same results occur when
only large-recoil data is used.

8.2 2D scenarios

Let us focus now on the implications for New Physics in C; and Cy. A standard x? fit to CNF,
CY® was performed 4!, taking only the first three large-recoil bins for B — K *utu~. The result
is shown in the left-hand panel of Fig. 3, where 68.3% (red), 95.5% (green), and 99.7% (yellow)
C.L. regions are shown. The best fit point is obtained for C}¥ ~ —1.5 and CN¥ ~ —0.03. In
this scenario, the SM hypothesis CN¥ = 0,C)T = 0 has a pull of 4.2 0. Including the low-recoil
bins decreases slightly the significance of the effect, since these observables are less constraining
and compatible with the SM currently. The corresponding regions are indicated by the dashed
curves in Fig. 3. The inclusion of the low-recoil data reduces the discrepancy with respect to
the SM to 3.50. In both cases, P, and P{ drive the fits away from the SM point.

One can repeat the analysis taking the input for the B — K*p*tu~ observables to [, 6]
GeV? bins, exploiting several theoretical and experimental advantages. Such wider bins collect
more events with larger statistics. Furthermore, some theoretical issues are less acute, such as
the effect of low-mass resonances at very low g2 < 1 GeV2 18, or the impact of charm loops
above ~ 6 GeV27. On the other hand, integrating over such a large bin washes out some effects
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Figure 5 — Global analyses of b —+ s transitions from a frequentist analysis of non-optimised B — K™ ¢/ observables
together with other radiative observables (left-hand panel) 2 and from the fit to B — K*pp and Bs — ¢uu
observables exploiting lattice computations of the form factors at low recoil (right-hand panel) 4.

related to the ¢ dependence of the observables, so that this analysis should have less sensitivity
to NP 8. This can be seen in Fig. 3, where the regions in this case are indicated by the orange
curves, and, as expected, the constraints get slightly weaker. In addition, due to the fact that
theoretical uncertainties happen to increase moderately for large negative NP contributions to
Cy, the constraints are more relaxed in the lower region of the CN¥' — C)¥ plane. Even in this
rather conservative situation the main conclusion (a NP contribution CY¥ ~ —1.5) still prevails,
whereas the SM hypothesis has still a pull of 3.3 .

A comment is in order concerning alternative scenarios with different sets of coefficients
receiving NP contributions. In all scenarios considered® the best fit corresponds to CY¥ ~ —1.2
with a significant preference for negative values. In addition, a slight preference of negative values
of Cgfp or CNP occurs (with much less significance). It arises for Cgfp only when only large-recoil
data is considered: C)¥ < 0 is favoured to raise the value of {P5)14.3,8.48) Without spoiling the
agreement between theory and experiment in the first bin. This possibility is however weakened
by the low-recoil data. This is illustrated in the right-hand panel of Fig. 3.

4 Subsequent analyses

Another frequentist analysis has been performed 2, along similar lines. As far as the inputs
are concerned, the main differences concern the use of only the wide [1,6] bin, the inclusion of
Br(B — K¢{), the average over all experiments (and not only LHCb), a choice of non-optimised
B — K*#{ observables, and a different approach for the computation of B — K*#¢ amplitudes
(complementing full form factors with non-factorisable corrections, rather than relying on QCD
factorisation). There is a preference for CY¥ ~ —0.9, however with a lesser significance due
to the use of non-optimised observables and wide bins for B — K*¢¢ observables. At the time
of the analysis, the value of Br(B — Kpupu) at low-recoil was in good agreement with the SM
expectations, requiring a contribution Cgp > 0 to cancel that of Cé‘lp to this observable, as
illustrated on the left-hand panel of Fig. 5.

A Bayesian analysis has also been performed®. Once again, only wide [1-6] bins are used for
B — K*¢¢. The Bayesian approach requires to impose priors on nuisance parameters (values
of the form factors, power-suppressed corrections). The analysis seems to yield reasonable
agreement with the SM if A/my corrections are allowed to shift by 10 to 20% (even though
the interpretation of the goodness-of-fit from x2, is rather delicate far from the asymptotic
limit and would require a dedicated study of the appropriate Ngo¢). On the other hand, the



consideration of the Bayes factor favour NP in both SM operators and chirally flipped operators,
whether in the generic case or restricted to Cg and Cy .

Lattice simulations are now focusing on these decays in the low-K* recoil region . The
B — K*¢¢ and B; — ¢#¢ form factors have been computed using NRQCD and staggered
quarks, with the interesting result that there is a disagreement between the SM predictions and
the measurement of both branching ratios at low recoil. A frequentist fit on only low-recoil
data on B — K*up and Bs — ¢pp favours COF < 0 (and Cgp > 0 if both low-recoil bins are
considered), as illustrated on the right-hand panel of Fig. 5.

It is interesting to notice that all analyses agree with an NP contribution C{ < 0, but
disagree on the need for Cgp # 0, mainly due to two choices. First, the choice of narrow or wide
bins for large-recoil B — K*ppu has an impact to the sensitivity to Cgp: P¢ has a sensitivity to
cg}," through its g®>-dependence at large recoil, which is probed if one chooses three narrow bins,
but not if only one wide bin is considered. Taking narrow bins for B — K*puu induced thus a
tension between P5(B — K*ppu), which favours CJiP < 0, and Br(B — K pp) at low-recoil, which
favoured CJ¥ > 0. Second, the need for CJ¥ > 0 stemmed from the inclusion of Br(B — K pp).
The presence of a significant resonant structure 1(4160) in the first low-recoil bin requires one
to understand better the range of validity of Operator Product Expansion and quark-hadron
duality to deal with resonant structures and predict observables at low recoil. Moreover, it turns
out that new results presented by LHCb at this conference with very fine binning® indicate a
branching ratio lower than SM expectations. Such low branching ratio agrees with a scenario
where CJ¥ < 0 and CYP = 0. In other words, the constraint from Br(B — K ) shown on the
left panel of fig. 5 should go down with the new result from LHCDb, pushing the global fit results
much closer to the axis Cgfp =0, in better agreement with the analysis presented abovel.

5 Limitations and prospects

If all the analyses point towards the need for a value of Cy differing from the Standard Model,
there are several issues to be dealt with before claiming the presence of New Physics. The first
is the possibility of a statistical fluctuation in B — K*ppu data. This can be tested thanks to a
redundancy in the angular coefficients measured. Indeed, in the absence of new CP-violation in
the Wilson coeflicients, and negligible P3 5 g/, one can derive a relation between Pj 24 5, which
provides an interesting consistency relation between the various measurements . The above
formula would be fulfilled to a better accuracy if the third bin for P} goes down (closer to SM)
and the third bin for P, goes up (away from the SM). One thus can expect further changes in
B — K*pu data, but it is unlikely that this will bring all observables closer to SM.

On the theoretical side, an important issue comes from ¢ loops, which contribute to Cg.
The first contribution comes from charmonium resonances: at large recoil, the bins for ¢ < 6
GeV? are expected to be little affected by the J/v tail, whereas the predictions at low recoil
hinge on the use of quark-hadron duality. The accuracy of the latter is expected to be of a few
percent for the branching ratio, but has still to be assessed for other observables!6. Moreover the
model used to estimate the violations has to be updated to include the resonance observed by
LHCb in the B — K¢¢ channel. Another contribution comes from the non-resonant continuum,
already included at leading order through Y (g?). The contribution from hard gluons can be
estimated perturbatively through an effective theory approach. At large recoil, the contribution
from soft gluons is supposed to be included through Operator Product Expansion and quark-
hadron duality at low recoil. First results based on LCSR indicate that the contribution from
soft gluons for B — K™/ is positive, tending to increase the size of Cgfp < 0 to reproduce the
data at large recoil. However, a parallel with the B — K¢/ case suggests that this result could
be modified significantly by additional contributions not considered in this first estimate 717,

A different issue on the theoretical side consists in the assessment of power-suppressed cor-
rections for the predictions of exclusive decays. The computation of the transversity amplitudes

Am



in effective approaches does not involve only the translation of full form factors into soft form
factors (factorisable corrections) but also additional contributions at the level of the amplitudes
(non-factorisable corrections). These non-factorisable corrections yield further perturbative and
non-perturbative corrections (from QCD factorisation at large K* recoil and from Operator
Product Expansion at low K* recoil). Most of the analysis have seen no need for large contri-
butions from these power-suppressed corrections, both at the factorisable and non-factorisable
levels. A comparison of several models of form factors has led to recent claims !® that such
large factorisable power-corrections would be needed, leading to a significant increase in the
uncertainties on the predictions of B — K (*)#¢ observables at large recoil, but this claim has to
be confirmed by further analyses of these power corrections.

It appears thus that more thorough theoretical work is needed to elucidate SM long-distance
contributions to exclusive b — s transitions, to refine the predictions of form factors and to assess
the limits of quark-hadron duality hypothesis, whereas a considerable experimental improvement
would consist in having narrower bins for B — K*¢¢ similarly to what has been presented by
LHCb at this conference. The combination of all these elements would yield a more accurate
determination of Wilson coeflicients in the effective Hamiltonian approach, providing valuable
inputs for NP models aiming at reproducing the deviations observed in the b — s radiative

transitions 5.
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