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1. Introduction

Radiative and rare semileptorimeson decays have been extensively studied aB tlae-
tories, LEP and the TeVatron. New results from the LHCb are expeciul sbhe number of
interesting observables is quite large. The prominent oré(B — XsdY) with a certain lower cut
Ep on the photon energy. It provides the simplest way to constrain the SM-liedeneratetisy
coupling. Moments of the photon spectrum in this inclusive decay can b sgganst predictions
based on non-perturbative HQET parameters determined from the semideBte- X v spec-
tra. Isospin asymmetries are very small in the SM, and unlikely to be modifiedvayphgsics.
However, their precise measurement would remove one of the most impootaiperturbative un-
certainties in the SM prediction for the total rate. Mixing-induced CP-asymmetresalso very
small in the SM due to the left-handed photon dominance in the decay amplituelie.nidasure-
ment puts bounds on possible opposite-chirality operators in the efféetigangian. Finally, the
d/sratio (i.e. (B — Xqy)/%(B — XqY)) provides interesting information dfig/Vs.

For the closely related inclusie — Xsal T1~ decay, we may consider the same observables
as forB — XsdY, just replacing the photon energy by the lepton pair one. However, npbiene
are available thanks to the four-body kinematics. In particular, studyirigusobservables as
functions of the dilepton invariant mass squaggd= ., _, we can extract relative contributions
from several effective operators. The forward-backward @&8)mmetry is even more efficient in
this respect. Apart from the total rate and the FB-asymmetry (as functiap$, @nother inclusive
observable could provide independent information. Using three alteer@tiservables callddy,

Ha andH, has been advocated in Ref. [1].

Inthe exclusivB — VycaseV{ = K*, p, w), the decay widths are quite uncertain on the theory
side. However, many uncertainties cancel in the isospin and CP asymmesriesl| as in thel/s
ratios. In the latter case’(B — p°y)/%(B — K*y) is most useful from the theory standpoint. Its
current effect on the overall CKM fit is miniscule due to large experimeaartaks, but nevertheless
it gives us a non-trivial consistency check.

From the LHCb perspective, the most interesting channels are the eediisi KI*1~ and
B — K*IT1~ modes. In the latter case, whgf* decays td<* 17, high-statistics angular analysis is
possible despite the small overall branching ratid0°). Properly chosen integrated observables
can be used to efficiently constrain potential new physics effects.

The current status and future perspectives of the radiative andeaaniéeptonid decays have
been thoroughly reviewed in a very recent paper by T. Hurth and Mabdl§2]. In this talk, | will
concentrate on just a couple of observables.

2. The effective theory

A convenient framework to analyze processes which take place asgcalem, or lower
is an effective theory that arises after decoupling\fZz, t, H® and all the Beyond-Standard-
Model (BSM) particles with masses > m,. Assuming that all the relevant BSM particles can be
decoupled, we obtain an effective Lagrangian of the form

Zett = Zocoroen(U,d,S,C 0 6, U, T) + 46\/; Z fl..CiQ + (dim > 6 operators (2.1)
|
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Figure 1: Operator vertices that are relevant for+ sy andb — g1 ~. In addition to them, double-gluon
vertices 0fQg andQj enter beyond the leading order in QCD.

Here,Q; are operators of dimension 5 or 6, whilgare their Wilson coefficients. In the SM or any
weakly-coupled BSM theon; are perturbatively calculable functions of masses, couplings and
renormalization scales.

Fig. 1 contains a collection of operator vertices that are relevatt-forsy andb — o1, un-
der the assumption that no relevant BSM effects occur in the four-cpggtkr. In the SM, only the
operators;—Q1o from the first two columns matter. These statements hold l@(lmg / mg, aem)
corrections.

3. ExclusiveB® — K% *|—.

The exclusive decap® — K%I+1~ followed by K% — Kt is particularly interesting be-
cause many independent constraints on the Wilson coefficients can aetedtirom the full angu-
lar distribution of this decay chain. The differential decay width is convahjiavritten as follows:

dr 9
dg2dcosf dcosbcdg 32

—J(d, 61,6k, 9), (3.1)
where
J(G?, 61, 6, @) = JnsSir? B + Jic COS Ok + (JsSir? Bk + Joc €O Ok ) cOS D)
+ Jzsir? 6k Sir? 6 cos 2p+ J4sin 26« sin 26, cosg + Js sin 26k sin6, cosg
+ (JosSir? Bk + Joc COS Bk ) cOSB; + Jy sin 26« sin@ sing

+ JgSin 26k sin 26, sing -+ Jo Sir? 6 sir? @ sin 2p. (3.2)
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Figure 2: Angle definitions in the8® — K|+~ differential spectrum.

Here,¢? is the dilepton invariant mass squared, while the meaning of the angles is expiain
Fig. 2. The important conventions to remember are éhé measured in the dilepton c.m.8k,

— intheK— 7" c.m.s., andp — in the B rest frame. The formula in Eq. (3.2) corresponds to a
narrow peak approximation fag%+.

The quantityJ(g?) in Eq. (3.2) can be expressed in terms of complex spin amplitAQgs
Ah’R, AR (A, As, ...) that depend linearly on the Wilson coefficients aRetiependent form-
factors. In the largé&y- limit (mk- /Ex- ~ A/my < 1) only two form-factorsé | (g?) andEH(qz)
remain, up tog(as,\/my) effects (see e.g. Ref. [3]). Taking this fact into account, it is possible
to derive constraints on the Wilson coefficients by considering ratios ofpire amplitudes in
which the form-factor€ cancel out. Next, one can fit those ratios to data using various weighted
integrals of the measured angular distribution. There are obviously very amions for applying
this algorithm in practice, and a whole industry devoted to such analyseleta®ped in the past
few years.

The most recent step forward has been made in Ref. [4]. Four (etations between the spin
amplitudes have been identified. Next, ratios like

a0 _ AP HIALE — AT - AT 2 [Re(ClCio) + F2Re(C4C5) + FRe(C/C3)]
T AT AT 24 AT+ AR [Crol2+ [Crol2+ F2 (IC72+ CyI?) + [Col? + 2FRe(C/C)

_ ATAT +ATA| sm 1(FCr+Co)*—C%,
AL 2+ AT+ AT+ ARZ  2(FCr+Co)® +C,

A(TS) (3.3)

were considered including (A/my) uncertainties in their numerical values. Hefes: 2mymg /¢,
while C; andCy(q?) stand for the so-called “effective” coefficients [5]. A sample effecthe
BSM-modified Wilson coefficients oA(TS) is shown in Fig. 3. Its dependence ghin the SM (for
Cg ~ —C10~ 4) is compared to a situation where eitl@g or AC)'? = C8SM —C5Mis set to 27/,
Itis evident that an accurate enough determinatioh@fis going to provide important constraints
on models where new contributions to the Wilson coefficients are of the saleeasthe SM ones.
However, if the BSM effects give only small corrections to the SM valued,r® new operators
arise (like in the MSSM with Minimal Flavour Violation (MFV)), then tl#&A/my,) uncertainties

will most probably make such effects unobservable in the considerdus@sedecay.
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Figure 3: The ratioA'® for eitherC}, or ACY set to 27/8 (Fig. 16 from Ref. [4]).

4. Combined constraints on the Wilson coefficients

Apart from considering future prospects for particular decay matiesinteresting to verify
what constraints on the Wilson coefficients can be derived by combiniegadevell-determined
observables in the radiative and rare semilept@ecays. Such a question has recently been
analyzed in Ref. [6]. Six observables were taken into account, namgly— Xsy), S(B — K*y),
BB — Xl 7)1 gaeves FLB® = K U 7)1 goeres Ara(B® — KU H7);_ggeve and Ss(B° —

K*UT ™), scerz- The CP-averaged forward-backward asymmaggyand the asymmetry called
S are proportional to the following angular integrals:

r+r (r+r
AFB(qZ)N( dg? ) [/ /]dcos& dqzdcosA

s5(q2)w< I(’j;;r) [/H/Z /3n/2 /3,1/2] [/ /]dco& qu(gozgl)d(p
(4.1)

Sample scatter plots from Ref. [6] describing constraint€®n C;, C)'P andC;, are shown
in Fig. 4 CNP = C —C>M). In the first row, current measurements have been used for all the
considered observables (excé&pt for which no data are available yet). The second row shows a
projection for LHCb after analyzing 2f3 of integrated luminosity, and with inclusion &. A
semi-random walk algorithm has been used to t&sk2.0° sets of the Wilson coefficient values.
The SM central values have been assumed for them in the LHCb projeatien’the red points are
allowed at 68% C.L., while the remaining ones are shown in blue. Three exswgesponding
to particular models with specific parameters are shown by the black doty sgeare and blue
triangle. These are respectively the SM, the MFV MSSM with extra CP-viglgilrases, and a
certain non-MFV MSSM. Obviously, the SM black dot is at the origfn0) in all the plots, and
it sometimes gets covered by the green square. It is consistent with all thedsabservables,
giving x2/ny0r = 0.35. The two non-BSM scenarios are marginally allowed by the current data
and definitely excluded in the LHCb projection case. The power of rataydebservables and
interesting prospects for the future are thus convincingly illustrated.
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Figure 4: Constraints on the Wilson coefficier@'", C;, C)P andCj, from Ref. [6]. In the first row, the
currently available data have been used. The second rowsshpvojection for LHCb after analyzing 2fb
of integrated luminosity (see the text).

5. Inclusive B — Xsy

The current experimental world averages for Bhe> Xsy branching ratio WittE, > 1.6 GeV
in the decaying meson rest frame read:

B(B— Xsy) =
(B =\ (3504 0,140+ 0.10moce) x 10 [8].

(5.1)
They have been obtained by combining the measurements of CLEO [9], BAB# and BELLE [11]
with different lower cutssg on the photon energy, ranging froni7ito 20GeV. An extrapolation
in Ep down to 16 GeV has been performed simultaneously.

Calculations including’(a2) and & (dem) effects in the SM give [12, 13]

PB(B— Xsy) = (3.15+0.23) x 1074, (5.2)

where the error is found by adding in quadrature the non-perturti&®e perturbative (3% 3%)
and parametric (3%) uncertainties. The resultin Eqg. (5.2) is consistentheittverages (5.1) at the
1.20 level. Its evaluation is based on an approximate equality of the hadronicesthabatively
calculable partonic decay widths

r(B__) Xs )Ey>E0 = r(b—>><SpV)Ey>EO7 (5-3)

whereX® stands fors, sg, sgg, sqq, etc. This approximation works well only in a certain range
of Eg, namely wherky is large €y ~ my/2) but not too close to the endpoimty — 2Eg >> Agcp).
Corrections to Eq. (5.3) of various origin have been widely discussee iliténature, most recently
in Ref. [14].
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Figure 5: Examples of Feynman diagrams that contribut€&te, G7g andGy7 at ¢(aZ2). Dashed vertical
lines mark the unitarity cuts.

The relevant Wilson coefficients at the scaje~ m,/2 are presently known up to the Next-to-
Next-to-Leading Order (NNLO) in QCD, i.e. up @ (ors2 (asln %)n) o123 The necessary
matching [15] and anomalous dimension [16] calculations involved Feynmgradia up to three
and four loops, respectively. The partonic decay rate is evaluateddiog to the formula

F(b—XY)e,e, =N 3 Ci(Hn)Cj(n)Gij (Eo, kp), (5.4)

1

T™Me

whereN = [ViiVip|? (GEmBaem)/(3271%). At the NNLO, it is sufficient to restrict our attention to
i,j €{1,2,7,8} because the penguin operators have very small Wilson coeffici@giss( )| <
ICa(p)| ~ as(Up)/m). In the following, we shall treat the two similar operat@s andQ; as a
single one (represented KY), and consider six independent case§gfat the NNLO.

Three of those six caseG{7, G7g andGy7) involve the photonic dipole operat@;. Examples
of the corresponding contributions to the decay rate are shown in thecgudo® columns of Fig. 5
as propagator diagrams with unitarity cuts. WHae; was found already several years ago [17],
the complete calculation dbzg has been finalized only very recently [18]. Evaluation®f is
still in progress (see below).

The remaining three caseS4, Gog andGgg) receive contributions from diagrams like those
displayed in Fig. 6. Two-body final state contributions (first row) ar¢ pueducts of the known
NLO amplitudes. Three- and four-body final state contributions remaimawmik at the NNLO
beyond the BLM approximation [19]. The BLM calculation for them has beampleted very
recently [20] providing new results f@gsg andG,g, and confirming the old ones [21] f{@:,. The
overall NLO + (BLM-NNLO) contribution to the decay rate from three- dadr-body final states
in Gyz, Gog andGgg remains below 4% due to the phase-space suppression by the relatively hig
photon energy cUgy. Thus, the unknown non-BLM effects here can hardly cause unctesathat
could be comparable to higher-ord€fa?) uncertainties in the dominant tern- andG,7).

It follows that the only contribution that is numerically relevant but yet woviam at the NNLO
is Gy7. So far, it has been evaluated for arbitramy in the BLM approximation [22, 21] sup-
plemented by quark mass effects in loops on the gluon lines [23]. Non-Blvistdhave been
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Figure 6: Examples of Feynman diagrams that contribut&se, Gog andGgg at &(a?2).

calculated only in then. > my,/2 limit [13, 24], and then interpolated downwardsrg using
BLM-based assumptions at. = 0. Such a procedure introduces a non-negligible additional un-
certainty to the calculation, which has been estimated at-8% level in the decay rate.

As a first attempt to improve the situation, a calculatiorGef at m. = 0 has been under-
taken [25]. Two- and three-particle cut contributions have already bmend [26]. A recently
started calculation [27] for arbitranyy is supposed to cross-check timg = O result and, at the
same time, make it redundant, because no interpolation; iwill be necessary any more. The
method to be used is the same as in the BLM calculation of Ref. [23].

As far as the non-perturbative effects are concerned, the questidrataccuracy the approx-
imate equality (5.3) holds has been subject of many investigations since 8aflis1However, a
quantitative analysis of all the dominant contributions to the resulting uncgriaisd(B — Xsy)
has been performed only very recently [14]. Corrections to Eq. (Be3ninimized at a certain “op-
timal” value of Eg that is high enoughHp ~ m,/2) but not too close to the endpoimty— 2Eq > A).

The value ofEg = 1.6 GeV~ m,/3 has a chance to be in the vicinity of the optimal point. In the
following, | will discuss non-perturbative effects at this very cutofgimg aside the problem of
photon energy extrapolation in the experimental averages.

So long as only the photonic dipole opera@r is considered, non-perturbative corrections
to Eqg. (5.3) form, — 2E5 > A can be described in terms of the so-called fixed-order approach
that has been derived [28] using the optical theorem and the Opematdud® Expansion. The
corrections can then be written as a serie¢/ifimy,)"aX with n=2,3,4,... andk =0,1,2,...,
where perturbatively calculable coefficients multiply matrix elements of locataiprs between
the B-meson states at rest. Such matrix elements (at least the leading ones)esdratied from
measurements of observables that are insensitive to new physics, likenmieggonicB — X.ev
decay spectra or mass differences between vahdlasrored hadrons. Coefficients at the terms of
orderA?/mZ andA3/mg have been evaluated in Refs. [29] and [30], respectively. Vemmtie a
calculation at ordeuS/\Z/nﬁ has been completed [31]. Thus, non-perturbative corrections to the
"77" interference term are well under control.

The most important non-perturbative uncertainty originates from the itg&fference term
(that stands for "27" and "17"). In Ref. [14], photons that can bated in analogy to the “77” term
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Figure 7: Examples of diagrams describing non-perturbative caumtiobs to the “27” interference term due
to soft gluons originating from thB-meson initial state.

are called “direct”, while all the other ones are called “resolved”, i.edpeed far away from the
b-quark annihilation vertex. Contributions from the resolved photons tihbe written in terms
of a series in powers d@i\/my,)"a¥, but this time then = 1,k = 0) term is non-vanishing whem
is treated a®’(v/Amy). Moreover, they are uncertain, as they depend on matrix elements of non-
local operators that cannot be easily extracted from other measurenBatgams representing
such terms are displayed in Fig. 7, where the external gluon is understdma soft, while the
other one (if present) is considered to be non-soft.

If the charm quark was heavy enoughZ{m, > A), its loop in the first diagram of Fig. 7
would become effectively local for soft gluons, and we would be badkéolocal operator de-
scription, as in the “77” term. This limit has been analyzed in Refs. [32].rkes®f the form

(<) n
W(Az <”‘°A) ) (5.5)
2, e e

was found as a relative correction to Eq. (5.3). Explicit results for alkctyefficientsb, showed
that they are small and quickly decreasing witlwhich led to a conclusion that the first term in the
series is a good approximation to the whole correction even imge'né ~ ¢'(1) case. This con-
clusion has recently been questioned in Ref. [14] on the basis of redliafe sunction models that
allowed to varym in the physically interesting range, and test applicability of the expansioh (5.5
It has been found that the first term of such an expansion in not regliyd approximation if we
allow for alternating-sign subleading shape functions (see Eq. (108 tip#per). This is the main
source of the overalk:5% non-perturbative uncertainty in the branching ratio that was estimated in
Ref. [14]. So long asn is treated ag’(1/Amy), the considered correction is jus{/A/my). Other
(smaller) corrections studied in that paper were of ordéms/\/my).

In the end, let us recall that there exist non-perturbative correctmbs). (5.3) that are not
suppressed by\/my at all. Their intuitive description can be found in Ref. [33]. In particular,
collinear photon emission effects belong to this class [34, 20]. Fortun#tely,are numerically
small due to interplay of several minor suppression factors.

6. Summary

Measurements and calculations of radiative and rare semilef@at@cays have a long history
but still offer realistic chances for improvements that could significantlygtreen constraints on
the BSM theories. Many observables matter for models with sizeable newoGRing phases or
large deviations from the MFV hypothesis. In the MFV models with no newgghasd/ (1 TeV)
masses, precision measurement8 of pt - andB — Xsy are crucial. In the latter case, reduction
of uncertainties by a factor of 2 on both the theoretical and experiments @deasible in the
SuperB era.
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