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ABSTRACT: The rare decay B — K*(— Km)u*u~ is regarded as one of the crucial chan-
nels for B physics as the polarization of the K* allows a precise angular reconstruction
resulting in many observables that offer new important tests of the Standard Model and
its extensions. These angular observables can be expressed in terms of CP-conserving and
CP-violating quantities which we study in terms of the full form factors calculated from
QCD sum rules on the light-cone, including QCD factorization corrections. We investigate
all observables in the context of the Standard Model and various New Physics models, in
particular the Littlest Higgs model with T-parity and various MSSM scenarios, identifying
those observables with small to moderate dependence on hadronic quantities and large im-
pact of New Physics. One important result of our studies is that new CP-violating phases
will produce clean signals in CP-violating asymmetries. We also identify a number of cor-
relations between various observables which will allow a clear distinction between different
New Physics scenarios.
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B. Form factors and QCD factorization H9

1. Introduction

The penguin-induced flavour-changing neutral current (FCNC) transitions b — s and b — d
are among the most valuable probes of flavour physics. They are characterized by their
high sensitivity to New Physics (NP) contributions and the particularly large impact of
short-distance QCD corrections to the relevant observables like branching ratios and more
local quantities, see ref. [] for a review. The decay b — sy has probably been the most
popular FCNC transition ever since its first experimental observation as B — K™y at
CLEO in 1993 [fJ]. Despite its considerable success as benchmark probe, in connection with
electroweak precision observables [, its usefulness is limited by the number of observables
it gives access to — the branching ratio and CP asymmetries like the time-dependent CP
asymmetry in B — K* [H].

Much more versatile in this respect is the decay b — s¢T¢~ with the possibility to
measure, for instance, the differential decay rate in the leptons’ invariant mass. One can
also construct asymmetries, like the well-known forward-backward asymmetry (A pp), with
differing sensitivity to NP effects. A full angular analysis of B — K*(— Km)¢T¢~ would
give access to a multitude of observables [f]. The downside of such measurements —
low statistics — has started to be overcome at the B factories BaBar and Belle, with
recent measurements of the forward-backward asymmetry in several bins in the lepton
invariant mass and the K*’s polarization [, [f]. Current experimental results are compiled
in table []. The absolute number of events observed is still rather small (230 at Belle [[),
making B — K*{T{~ one of the rarest B decays ever observed — at least if the resonance-
dominated region around the charmonium resonances with B — K*y(— £7¢7) is excluded.
This situation will improve once the LHC experiments have started taking data, allowing
one to probe the short-distance physics governing b — s¢*¢~ at an unprecedented level of
the angular spectrum: a recent study by the LHCb collaboration [L{] predicts 7200 signal
events (an improvement by an order of magnitude from the present situation) with a data
set of 2fb~!, which corresponds to one nominal year of running.

One difference between the experimental reach of B factories and LHC, though, is the
preference of the latter for exclusive channels, mainly realized as B — K*¢*¢~. This implies
that the analysis of this channel requires control not only over short-distance perturbative
effects, described by Wilson coefficients in the relevant effective Hamiltonian, but also long-
distance non-perturbative effects, described largely, but not completely, by form factors. It
is the objective of our paper to provide such an analysis, based on QCD factorization [[[] -
[L3], including a full set of form factors calculated from QCD sum rules on the light-cone [[[4],
and the dominant effects suppressed for large b quark mass. As the LHC has increased
sensitivity to charged particles in the final state, we focus on the decays of neutral B’s,
B — K*(— K—n")u*p~ and its CP-conjugate B — K*¥(— K7~ )uTu~, which



Experiment BaBar Belle [f] CDF [

BR(B — K*utp~) x 107 [ 11.14£1.9+0.7 | 10.8715+£0.9 | 8.1+£3.0+ 1.0

Number of BB events 384 x 106 657 x 106 -

Table 1: Experimental results for the branching ratio of B — K*utpu™; the region around the
charm resonances with B — K*i(— pu*pu™) is excluded. The first error is statistics, the second
systematics.

have the additional advantage that the flavour of the decaying B meson (B° or B°) is
unambiguously tagged by the final state. We also focus on ¢ = p which can be cleanly
measured at the LHC; see ref. [[F] for a discussion of p < e effects.

B — K*utpu~ decays have been investigated by many authors of whom we can cite
only a few. In 1999, Ali et al. calculated the dilepton mass spectrum and App in the
SM and various SUSY scenarios using naive factorization and QCD sum rules on the light
cone [[[]. Later it was shown by Beneke et al. [13, [[J] that B — K*utpu~ admits a sys-
tematic theoretical description using QCD factorization in the heavy quark limit m; — oo.
This limit is relevant for small invariant lepton masses and reduces the number of inde-
pendent form factors from 7 to 2. Spectator effects, neglected in naive factorization, also
become calculable. The drawback is that corrections to that limit are only partially known:
for instance, in ref. [@] power-suppressed effects relevant for isospin asymmetries were cal-
culated.! In ref. [[9), a calculation of B — K*u*u~ using soft-collinear theory (SCET)
was presented. More recently, two analyses appeared which also use QCD factorization
and focus on possible NP effects in CP asymmetries [R(] and on observables available from
angular distributions [R1]], respectively. There is also vast literature on NP analyses, with
varying degrees of reliability of theoretical input for long-distance QCD effects and scope
of observables considered. One intrinsic NP contribution, for instance, comes from an ex-
tended scalar sector. Most studies available so far, with the notable exception of ref. [2Z],
focus on the effects of such contributions on A g, which turn out to be small, while we shall
argue that the effect can best be seen in one particular angular observable not considered
before, see section [J.

In the present paper, we aim to improve on previous studies in the following way:

e we include the full set of 7 form factors, rather than the 2 form factors in the heavy
quark limit, calculated from QCD sum rules on the light-cone; we show that our set
of form factors fulfills all correlations required in the heavy quark limit, which has
never been demonstrated before for any form factor calculation;

e we give an up-to-date prediction of the B — K*(— Km)utpu~ observables in the SM
and shall argue that the bulk of power-suppressed corrections is due to the difference
between the full QCD form factors and their heavy quark limit;

Wery recently, BaBar has reported a positive result for a deviation of the isospin asymmetry from
the SM prediction, which so far, however, has not been confirmed by Belle [ﬂ]



e we study all angular observables in the decay B — K*(— Km)utp~ and identify
those with small sensitivity to hadronic and large sensitivity to NP effects;

e we include the effects of scalar and pseudoscalar operators, which are extremely
suppressed in the SM, on all angular observables;

e we study the effects of various NP models, including several manifestations of the
MSSM and the Littlest Higgs model with T-parity.

Our main results are collected in section [f.

Our paper is organized as follows: in section P| we review the theoretical framework,
based on the trinity of effective Hamiltonian, form factors and QCD factorization. In
section f| we discuss the (rather involved) kinematics of the decay and define the basic
observables in the process. Section [l gives a short overview over the NP models whose
effects we study. In section [] we define observables satisfying the requirements of the-
oretical cleanliness and high sensitivity to NP effects. Section [}, the centre part of our
paper, contains the phenomenological analysis of those observables in the SM, in a model-
independent way and in several selected NP scenarios. We conclude in section [|. In the
appendices we review the kinematics of four-body decays and show that for large b quark
mass the form factors calculated, in section P}, from QCD sum rules on the light-cone fulfill
the relations imposed by heavy-quark symmetry.

2. Theoretical framework

The theoretical framework which allows one to calculate the decay amplitude of B —
K*pu* ™ is quite involved and requires three different steps which are described in this sec-
tion:

e the separation of short-distance (QCD, weak interaction and new physics) effects
from long-distance QCD in an effective Hamiltonian Heg;

e the calculation of matrix elements of local quark bilinear operators J of type (K*|J|B)
(form factors);

e the calculation of effects of 4-quark operators in Heg which give rise to so-called
non-factorizable corrections and can be calculated using QCD factorization (QCDF).

QCDF is only valid for small invariant dilepton mass ¢> ~ O(1GeV?), or, equivalently,
large K* energy E ~ O(mp/2), which implies certain cuts on ¢? or E. In this paper, we
restrict ourselves to 1GeV? < ¢ < 6GeV2. The reasons will be discussed in section B.4.
Obviously, all the above steps need to be under good control for a reliable prediction of
the decay. We will discuss them in turn and also explain our strategy for calculating the
B — K*ptp~ amplitude.



2.1 Effective Hamiltonian
The effective Hamiltonian for b — su*p~ transitions is given by [R3, 4]

_ _4Gr () (u)
Mo === (AHS + 2H) (2.1)

with the CKM combination \; = V;;, V. and

6
HY = 105+ 05+ Co+ Y (GO + CloY),
=3 i=7,8,9,10,P,S

HY = C1(0F — OF) + Co(O5 — OY) .

Although the contribution of Hé?f) is doubly Cabibbo-suppressed with respect to that of
chz and hence often dropped, it proves relevant for certain observables sensitive to complex
phases of decay amplitudes, so we keep it. The operators O;<¢ are identical to the P; given
in ref. 23], while the remaining ones are given by

Or = g%mb(gauuPRb)Fwa 07 = ;mb(gauVPLb)FW7 (2.2)
1 1
Og = gmb(§0uuTaPRb)G”Va, Oy = gmb(gguuTQPLb)Gwav (2.3)
ez B e? _
Op = (57 PLb) (7" 1), Of = 2 B LRO) (" 1), (2.4)
_ e = o= € Tl
O10 = 5 (59 PLb) (" 151), 10 = 3 (F0Prb) (Y y51), (2.5)
2 B _ e? _ _
Og = me(sPRb)(,u,u), Oy = m?mb(SPLb)(NM)a (2.6)
e2 B B e? _ _
OP = me(SPRb)(M’}SM), O}D = w?mb(SPLb)(N’YSM% (27)

where g is the strong coupling constant and Py g = (1 F v5)/2. my denotes the running
b quark mass in the MS scheme. The primed operators with opposite chirality to the
unprimed ones vanish or are highly suppressed in the SM, as are Og p. We neglect the
contributions of (92 for 1 < i < 6. These operators are generated in some NP scenarios, for
instance in left-right symmetric models or through gluino contributions in a general MSSM,
but their impact is either heavily constrained or turns out to be very small generically.

The Wilson coefficients C; in (R.1]) encode short-distance physics and possible NP
effects. They are calculated at the matching scale ;1 = myy, in a perturbative expansion in
powers of as(myy), and are then evolved down to scales p ~ my according to the solution
of the renormalization group equations. Any NP contributions enter through C;(my),
while the evolution to lower scales is determined by the SM. The inclusion of the factors
1672 /g? = 4m/as in the definition of the operators O;>7 and the corresponding primed
operators serves to allow a more transparent organization of the expansion of their Wilson
coeflicients in perturbation theory: all C; are expanded as

2
Gi=c+ 20+ () AP +0ld), 29)



where CZ-(O) is the tree-level contribution, which vanishes for all operators but Oy. In our
) is non-zero. C"™

" denotes an n-loop contribution. In
our paper we aim at next-to-next-to-leading logarithmic (NNLL) accuracy, which requires

normalization of operators also Céo
the calculation of the matching conditions at u = my to two-loop accuracy. This has
been done in ref. PJ]. NP contributions, on the other hand, will be included to one-loop
accuracy only.?

Two-loop accuracy in the matching requires the inclusion of anomalous dimensions
in the renormalization-group equations to three-loop accuracy. The corresponding O(a?2)
entries in the 10 x 10 SM anomalous dimension matrix have been calculated in refs. [R5,
Rd]. On the other hand, the operators Og?P are given in terms of conserved currents, i.e.
they carry no scale-dependence, they do not mix with other operators and their Wilson
coefficients are given by the coefficients at the matching scale. Oy is also given by conserved
currents, but mixes with Oy g, via diagrams with a virtual photon decaying into gt ™.
Additional scale dependence in Cy comes from the factor 1/g%. The latter dependence is
also present in C1g, which otherwise would be scale independent.

In table [ we give all the SM values of the Wilson coefficients to NNLL accuracy. As
we shall see below, in eq. (B.]), C7,9 always appear in a particular combination with other

C; in matrix elements. It hence proves convenient to define effective coefficients C’%CH, and
also Céf)leoﬂ, which are given by B9
47 1 4 20 80
eff _ =1 - = Y oY
07 = o C7 3C3 9C4 3 C5 9 C67
4 1 1
C8t = T G4 Gy — = Cy 42005 — 2,
Qg 6 3
4T
Gyt = ot Y (g%,
o 47 off 47
s = — o, 0;78,9,10 = a—C§,8,9,107 (2.9)
4
with Y(q2) = h(qz,mc) <§ C1+ Cy 4 6C3 + 6005)
1 4 64
-3 h(q?, my) (703 +3 Cy + 76Cs + 5 (16)
1 4 64
-3 h(q?,0) <C3 + 3 Cat 1605 + = (16)
4 64 64
— O3+ —=Cs5+ —=0C5. 2.10
+ 33 + g &5 + 57 &5 (2.10)
The function
arctan z>1
4 m2 2 4 Vz—1
h(q? = (m—2-Z | -Z@+2)/]z -1
(¢%mq) = =3 <n 2 3 z) g 2H2VIz— 1] x LlAVITE i
n——— ——— 2
;2 °S
(2.11)

2An explicit calculation of two-loop corrections in the MSSM @] shows that they are small.



Ci(p) [Ca(p)| Cs(p) | Ca(p) |Cs(p)| Co(p) | CST (1) | C§T (1) |C§T (1) — Y ()| C5 (1)
—0.257| 1.009 | —0.005| —0.078|0.000 | 0.001 | —0.304 | —0.167 4211 —4.103
Ci(p) |Ca(p)| Cs(p) | Ca(p) |Cs ()| Co(p) |CHE ()| Che (1)
—0.128]1.052| 0.011 |—0.032|0.009 |—0.037| —0.006 | —0.003

Table 2: SM Wilson coefficients at the scale p = my, = 4.8 GeV, to NNLL accuracy. All other
Wilson coefficients are heavily suppressed in the SM. The “barred” C; are related to C; as defined
in ref. [IJ]. Input: ay(mw) = 0.120, a,s(ms) = 0.214, obtained from ay(mz) = 0.1176 [R7], using
three-loop evolution. We also use my(my) = 162.3 GeV [Rg], mw = 80.4 GeV and sin? §y = 0.23.

with z = 4m§ /q?, is related to the basic fermion loop.

We shall see below that B — K*(— K7)u™p~does not allow access to all the above
coefficients separately: for instance, only the combinations Cy — Cy and Cp — C enter
the decay amplitude.

2.2 Form factors

The B — K* matrix elements of the operators (93)9 10.5.p can be expressed in terms of
seven form factors which depend on the momentum transfer ¢> between the B and the K*

(¢ =p" — k"):

(K*(K)|57,(1=75)b|B(p))= —ic}(mp + mg+)A1(q?)
As(q?)

+i(2p — )ule" - q) ————
@ =l a) =

+igu(e" - q)$ [45(¢%) — Ao(q”)]

2V (¢?)

mp -+ mg-= ’
mp—mg-x

+€,u1/pcr€*yppk0 (212)

. +mg«
h Aa(g?) — MBTMK" 4 (2 Ao (a?
with A3(q”) s 1(q7) D 2(q7)

and A(](O) = A3(0); (2.13)
<K*(k‘)\§auyq”(1+’y5)b\3(p)> = i€ppo€  PPEC 2T1(q2)

+To(q?) [e,(mB —mic) — (€ - ) (20 — q),]
2

2 * q
+13(q7)(€" - q) q;ﬁm@p—q)u , (2.14)

with 771(0) = 72(0). €, is the polarization vector of the K*. The form factors A; and V' are
observables, i.e. scale independent, while the T; depend on the renormalization scale p.
Ay is also the form factor of the pseudoscalar current:

(K*|8, A"|B) = (my +ms) (K*|5iysb| B) = 2mc-(€" - ) Ao(g?). (2.15)



The form factors are hadronic quantities and call for a non-perturbative calculation.
No lattice calculation of a full set of form factors is available yet. As a recent result we
quote a (quenched) value for T;(0) relevant for B — K*y: T1(0) = 0.24 + 0.0375:01 [BO].
Preliminary results from an alternative lattice calculation of 77(0) have been reported in
ref. [BI]. At present, a more promising method for calculating form factors at large energies
of the final-state meson (i.e. at small ¢?) is offered by QCD sum rules on the light-cone
(LCSRs) (s. ref. [[4 for reviews). This method combines standard QCD sum rule tech-
niques with the information on light-cone hadron distribution amplitudes (DAs) familiar
from the theory of exclusive processes [BJ. It has been applied to B — K* form factors in,
for instance, refs. [B3, B4]. The key idea is to consider a correlation function of the b — s
current and a current with the quantum numbers of the B meson, sandwiched between the
vacuum and the K*. For large (negative) virtualities of these currents, the correlation func-
tion is, in coordinate-space, dominated by light-like distances and can be expanded around
the light-cone. In contrast to the short-distance expansion employed in conventional QCD
sum rules & la Shifman/Vainshtein/Zakharov [BY], where non-perturbative effects are en-
coded in vacuum expectation values of local operators with vacuum quantum numbers, the
condensates, LCSRs rely on the factorization of the underlying correlation function into
genuinely non-perturbative and universal hadron DAs ¢. The DAs are convoluted with
process-dependent amplitudes Ty, which similarly to Wilson coefficients can be calculated
in perturbation theory, schematically

correlation function ~ Z TI(;L )& o, (2.16)
n
The sum runs over contributions with increasing twist, labelled by n, and ® means integra-
tion over the longitudinal momenta of the partons described by ¢(™). We shall see below
that contributions of non-leading twist are suppressed by increasing powers of m g+ /my,.
The same correlation function can, on the other hand, be written as a dispersion-relation, in
the virtuality of the current coupling to the B meson. Equating dispersion-representation
and light-cone expansion, and separating the B meson contribution from that of higher
one- and multi-particle states, one obtains a relation (QCD sum rule) for the form factor.
For B — K* form factors the relevant correlation function is

; / dye 7 (R (p) | T7,,(0)71 (1)]0) o T1(q?) (2.17)

with jg = divsb and J,, = 57, (1—75)b, 30,,¢" (1+75)b or 5iysb. The factor of proportional-
ity contains four-vectors with open indices and/or mass factors like (mp+mg~) etc., which
are irrelevant for dynamics. LCSRs for all 7 form factors except for Ag are available at
O(as) accuracy for twist-2 and-3 and tree-level accuracy for twist-4 contributions [B4]. For
this paper, we have also calculated the LCSR for Ag to the same accuracy. The correlation
function II(¢?), calculated for unphysical p?, can be written as dispersion-relation over its
physical cut. Singling out the contribution of the B meson, one has, for the pseudoscalar
current J,, = 515D,

2

1

H(q2) = Ao(q2) mTJrBLIJ:B o — + higher poles and cuts, (2.18)
B



where fp is the leptonic decay constant of the B meson,
fem% = my(B|biysd|0) . (2.19)

In the framework of LCSRs one does not use (R.18) as it stands, but performs a Borel-

transformation,
A1

1
t— p2 M2
with the Borel-parameter M?; this transformation enhances the ground-state B meson
contribution to the dispersion-representation of II. The next step is to invoke quark-hadron

duality to approximate the contributions of hadrons other than the ground-state B meson
by the imaginary part of the light-cone expansion of II, so that

exp(—t/M?), (2.20)

. 1 m? 11
BIIMC — L 7el m:;_jéAo(q%e_m%/MQ +am - / dt TmIT=C(t) exp(—t/M?). (2.21)
b

Subtracting the integral from both sides, eq. (B-2]) becomes the LCSR for Ag. s is
the so-called continuum threshold, which separates the ground-state from the continuum
contribution. As with standard QCD sum rules, the use of quark-hadron duality above sg
and the choice of sg itself introduce a certain model-dependence (or systematic error) in
the final result for the form factor.

As an explicit example for a LCSR, we quote the tree-level result for 77(0) as given in

ref. [B4]:

2 1
MBIB 3y (0)e B — fhm, [ adwemiiary 9u(u)
mp wo 2u

m (ub? (ID(U) 1 1 d a
o [ aue M>[W L >+—<1_u—u)gi><u>
—E%/ dal/ dOéQ o

1
+fK*mb—/ du e~/ (uM?) [5

/dal/ dag— ()—

(e
di{ utig (u) + 217 (u) + uHs(u)
S(a

1101 @+ -1 ) |

——u—7A 2.22
8 du J‘(U)} ’ (2.22)
1 2
= my / due ™) | FE Ry () + flee TS Ry(u) + fe (mK ) Ry(u)|, (2.23)
uo my myg
where ug is given by mj 2 /s0. o and fﬁ* are the decay constants of, respectively, longi-

tudinally and transversely polarlzed K* mesons. ¢, P, gf’a), I;, and H3 are DAs and
integrals thereof, as defined in ref. [B4]. A, V, S, S and TZ-(4) are three-particle DAs. The
precise definitions of all these DAs as well as explicit parameterizations can be found in
refs. [B7]. In a slight abuse of language, we shall call Ry the twist-2 contribution to the sum



rule, Ry twist-3 and Rj3 twist-4. wu is the longitudinal momentum fraction of the quark in a
two-particle Fock state of the final-state vector meson, whereas a; 23, with > «; = 1, are
the momentum fractions of the partons in a three-particle state. The light-cone expansion
is accurate up to terms of order (mg~/my)3. Up-to-date results for these DAs can be found
in ref. B7]. Although we only write down the tree-level expression for the form factor, ra-
diative corrections are known for Ry [BJ] and the two-particle contributions to Ry [B4], and
will be included in the numerical analysis. All scale-dependent quantities are calculated
at the (infra-red) factorization scale u% = m% — m2. The form factor itself carries an
ultra-violet scale dependence. As a default, we choose u = my for that ultra-violet scale.

It is clearly visible from the above formula that the respective weight of various contri-
butions is controlled by the parameter mg+/mp; the next term in the light-cone expansion
contains twist-3, -4 and -5 DAs and is of order (mg+/m;)3. Numerically, the expansion
works very well, with the O(m%../m?) terms contributing less than 5% to the LCSRs. Note
that the expansion is in mg+/my only for ¢ = 0. For ¢* > 0, the expansion parameter is,
see appendix B, mymg+/(m3 —q*) ~ mg+/(2E), E being the energy of the K*. Obviously,
the smaller E (and the larger ¢2), the more relevant the higher-twist terms. For E — m-,
the light-cone expansion breaks down.

The LCSR method sketched above does not rely on my being a large (or hard) scale
— LCSRs also work very well for D meson decays, see ref. [BJ]. In order to calculate the
B — K*pu 't~ decay amplitude, however, knowing the form factors is not enough: there are
additional terms which can be calculated using QCD factorization, see the next subsection.

As for numerics, we collect the most important input parameters in table . We
evaluate the sum rules at M? = 8 GeV? and choose sy such that the minimum in M? is
at 8 GeV2. The resulting s lie all between 33 GeV? and 37 GeV?2. Note that the LCSRs
return results for fp times the form factor, rather than the form factor itself. Hence the
LCSR must be divided by fp which, as one can see from table f], comes with a rather large
error. It is well known that the resulting prediction for, for instance, 77(0) is on the high
side compared with the experimental result that can be extracted from the branching ratio
of B — K*~, assuming the absence of New Physics [[J. For this reason we fiz the value of
fB to reproduce the experimental value 77 (0) = 0.268 [[d]. This corresponds to setting
fB = 0.186 GeV — well within the allowed range quoted in table . As the observables
we calculate are ratios, the normalization and the precise value of fp cancel in the end —
which is why we neglect the residual experimental and theoretical error of 77""(0) and fp
of about 7% [[1]. The resulting values of the form factors at ¢ = 0 are given in table [
With fp fixed, the errors of the form factors become rather small and are below 20%.

As for the ¢?-dependence, it follows directly from the sum rules. In figure [l we plot
the central values of all form factors as functions of ¢?.

2.3 QCD factorization

In addition to terms proportional to the form factors, the B — K*u*u~ amplitude
also contains certain “non-factorizable” effects that do not correspond to form factors.
They are related to matrix elements of the purely hadronic operators O; to Og and the
chromomagnetic-dipole operator Og with additional (virtual) photon emission. These ef-

— 10 —



Table 3: Numerical values of hadronic input parameters. a;

B parameters
e BY Ag(pn) BAl | o

200(25) MeV | 0.51(12) GeV | 2.2GeV

K* parameters
[”(* [ (2GeV) ai"”(2GeV) a2l’”(2GeV)

220(5) MeV | 163(8) MeV 0.03(3) 0.08(6)
quark masses

my(mp) [0 | me(me) [{G) | ma(me) BY

4.20(4) GeV | 1.30(2) GeV | 162.3(1.1) GeV

Ll are parameters of the twist-2 K*

DAs and are taken from ref. @], from where we also take all higher-twist parameters not included

in the table.

Table 4: LCSR results for ¢> = 0. T»(0) = T1(0).

Ap(0)

A1(0)

A2(0) V(0)

0.333 £0.033

0.233 £ 0.038

0.190 £ 0.039

0.311 £ 0.037

11(0)

13(0)

§1(0) £.(0)

0.268 £ 0.045

0.162 £ 0.023

0.118 £ 0.008

0.266 £ 0.032

The scale-dependent form factors 7; and

§|,L are evaluated at p = 4.8 GeV. The soft form factors {, | are introduced in section @ The
error is calculated from varying so by £2 GeV?, M? by +2 GeV? and all hadronic input parameters
according to their uncertainties given in table E, except for fp, see text.

10

081
0.6

0.4+

0.2

0.0

1.0

081

0.6+

04r

0.2r

0.0

Figure 1: Form factors from LCSRs for central values of input parameters. Left: Solid curve: Ay,
long dashes: Aj, short dashes: As, dot-dashed curve: V. Right: Solid curve: Ti, long dashes: Tb,

short dashes: T5.

— 11 -



fects can, in the combined heavy quark and large energy limit, be calculated using QCD
factorization (QCDF) methods [[L1]-[L3]. Here large energy means large energy of the K*,
E ~ O(mp/2). E is related to ¢?, the dilepton mass, by

2mpE =m% +mk. — ¢*. (2.24)

For the phenomenological analysis in later sections, we require £ > 2.1 GeV, which corre-
sponds to ¢? < 6 GeV?2, well below the charm threshold. We would like to stress here that
QCDF does not work for large g above the charm resonances — here the only theoretical
prediction we have are the contributions to the B — K*u '~ matrix element given in terms
of the form factors, which is probably a reasonable approximation at the 10 to 20% level.

In the heavy quark and large energy limit, the number of independent form factors
reduces from 7 to 2 which correspond to the polarization of the K* (transversal or longitu-
dinal) and are usually denoted by £, and §. Neglecting for the moment O(a) corrections,
one can define the ¢’s as [[LJ]

£1(g?) = ﬁ V(g), (2.25)
6(q°) = “ESEE Ar(g?) - I g (2.26)

At this point we would like to recall that the large energy limit is also familiar from the
description of hard perturbative QCD processes & la Brodsky-Lepage [iJ. For instance,
the electromagnetic form factor of the 7 can be factorized into a convolution of the DAs of
the initial and final state pion and a perturbative hard scattering amplitude, schematically

Fr(Q?) ~ ¢x @ T © ¢ - (2.27)

As in the previous subsection, the ® stands for integration of the longitudinal momenta
of all hard partons in the process. Note that Ty is due to hard-gluon exchange between
the 7 constituents and hence is O(«;). In this “hard mechanism” only valence-quark
configurations contribute and all quarks have large longitudinal momentum. The subtlety
with heavy meson decays, however, is that the power-counting of various contributions in
1/my differs from that of the 7 EM form factor and similar processes, and that a second
mechanism contributes at the same (leading) order in 1/my. This is the so-called soft or
Feynman mechanism, where not all partons in the meson participate in the hard subprocess;
it involves highly asymmetric configurations where the spectator quark stays soft, but the
light quark produced in the weak decay has large energy. This mechanism is described
by the & form factors, which, as a consequence, are also called soft form factors, and the
factorization formula for B — K* decay form factors reads, schematically:

F(¢*) = DE(E) + ¢ @ Ti ® = + O(1/mw) (2.28)

where D = 1+ O(a;) includes hard corrections to the weak vertex and E is the energy of
the K*. As made explicit by the last term on the right-hand side, the above formula is not
exact, but will receive corrections (both soft and hard) which are suppressed by powers
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of myp. These corrections are unknown to date. An additional complication is that the
separation between the “soft” contributions included in the form factor £ and the “hard”
contributions in the convolution is not clear-cut and requires the definition of a factorization
scheme [[L1]. In ref. [[J], the factorization scheme is defined by (R.2§) and (.2§), absorbing
the hard and hard-spectator corrections into the definition of the &’s. Eqgs. (2:2]) and (2.26)
are then valid to all orders in as. The redundancy of 5 form factors in the heavy quark
limit induces a number of relations between them. We discuss these relations, and test
their validity at finite b quark mass, in appendix B

Coming back to the non-factorizable corrections to B — K*putpu~ mentioned before,
it turns out that they can be included in a factorization formula very similar to that for
form factors: apart from overall factors and the Lorentz structure, the relevant terms in
the decay amplitude can be written as [[J]

T = &CP + ¢ @ T ® da - + O(1/my), (2.29)

with @ =1, || and i = u,t. Note that the ¢ in the above formula are not Wilson coeffi-
cients. They do, however, contain both factorizable corrections related to the rewriting of
the full QCD form factors by the £’s using (R.2§) and non-factorizable corrections related
to the matrix elements of hadronic operators with virtual photon emission. Also note that
079,10 only contain a 2-quark operator and hence do not induce non-factorizable correc-
tions.

2.4 Our strategy

Based on the above discussion, our strategy for calculating B — K*(— Km)u™pu~ decays
is the following:

e we predict observables in the dilepton mass range 1 GeV? < ¢ < 6 GeV?;

e we include the main source of power-suppressed corrections by using the full QCD
form factors in the naively factorized amplitude, and the £ form factors in the QCDF
corrections;

e we concentrate on the prediction of observables which are independent of the absolute
values of form factors, and only depend on their ratios;

e for the error analysis, we employ the correlated errors between form factors, which
follow from the light-cone sum rules;

e we include new-physics effects in the Wilson coefficients C7 9 19 5, p, and their primed
counterparts, but not in the other C;.

A few comments are in order. Obviously QCDF breaks down close to the charm
resonances. Technically, this shows up as a threshold at ¢> = 4m2. In order to stay
sufficiently below the threshold, we set ¢2,,, = 6 GeV2. On the other hand, for small ¢
close to the kinematical minimum, the decay amplitude is dominated by the photon pole
and by just one Wilson coefficient, C?H. Hence, by probing the region of very small ¢,
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one does not get any new information as compared to the well-studied radiative decay
b — s7v. In addition, as the photon virtuality is small, there could be (unknown) resonance
contributions from p or other mesons. In order to avoid this region, we set qu]n = 1GeV?2.

As for power-suppressed corrections, we view QCDF as an expansion in two small
parameters, 1/my, and g and restrict ourselves to the first order in these parameters. While
O(as) corrections are completely covered by QCDF, those in 1/my, are not included. One
source of such corrections are obviously the differences between the 7 full QCD form factors
and the 2 soft form factors £. Since the light-cone sum rules allow a calculation of all 7 form
factors, all these corrections are included in our calculation. An obvious question, though,
is whether these are all a/m;, corrections or not. As we shall see in section B.4, one QCDF
correction to naive factorization is weak annihilation, where the quarks in the B meson
annihilate. This contribution is of leading order in 1/m;, with unknown power-suppressed
corrections. For the decay processes we consider, this contribution comes with small Wilson
coefficients, so the impact of 1/m; corrections is negligible. Another potential source of
1/my, corrections are such with formal «g/my, counting, but an end-point divergence in the
convolution integral. Such divergent integrals were found in power-suppressed corrections
relevant for isospin violation [[7]. They signal the breakdown of QCDF and call for soft
contributions to mend the divergence. Such soft contributions involve soft gluons and hence
a; is not to be evaluated at a hard scale, but becomes non-perturbative, thus rendering
this contribution O(1/my) in our counting. While it is not known how to calculate such
contributions in the context of QCDF, similar contributions do occur in light-cone sum rules
and are described by three-particle distribution amplitudes of type (0|gGs|K*), with G the
gluonic field-strength tensor. Although these contributions could, a priori, be large due to
soft-gluon effects, it turns out that such three-particle couplings are numerically small [B7]
and that, as mentioned in section .3, their contribution to form factors is negligible. Based
on this, we do not expect any sizeable effects of such terms at O(1/my) and conclude that
the main source of power-suppressed corrections are those from form factors.

3. Differential decay distribution and spin amplitudes

In this section we discuss the kinematics of the 4-body decay B — K*(— Km)utu~,
define the angular observables in the spectrum and derive explicit formulas in terms of
form factors and Wilson coefficients.

3.1 Differential decay distribution

The actual decay being observed in experiment is not B — K*utu~, but B — K*(—
Km)utp~. As discussed in ref. [ff], the additional information provided by the angle
between K and 7 is sensitive to the polarization of the K* and thus provides an additional
probe of the effective Hamiltonian.

The matrix element of the effective Hamiltonian (R.1) for the decay B — K*(—
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Km)ptp~ can be written, in naive factorization, as

G _
M =Ry d [l (5P + O P B)
2mb =5 v eff reff D —
- ?<K7T‘SZU 0 (C7" Pr + C77PL)b| B) | (Byum)

+ (K| (CS5Py + CL P B) (rysn)
HIH[S(CPact C5PLIMB) K x[S(CoPa ChPLYB) (mrsn)].
(3.1)

To express the B — K7 matrix elements in terms of the B — K™ form factors discussed in
section P.2, one assumes that the K* decays resonantly.? Then, one can use a narrow-width
approximation by making the following replacement in the squared K* propagator:

(k2 —m3.)? + (mp-Tg+)? mpc«I g

S(k* —m.). (3.2)

In this way, the form factors are independent of the K*Kn coupling gx+x+ [B, ], because
it cancels between the vertex factor and the width

2
IK*Kn 3
P * — * .
where !
1/2
B =—5 [mi- + mi +my — 2(mi-m + mimZ + mi.m2)) & (3.4)

My«

Writing the matrix elements in section P.9 as
(K™ (k)| Ju|B(p)) = € Auy, (3.5)

where A,,, contains the B — K* form factors, the corresponding B — K matrix element
can then be expressed as

(K (k)7 (k2)|Ju| B(p)) = —Dicx (k) W" Ay, (3.6)
where [f]
4872
Din(BD2 = 620 — T S(k2 —m2.) = —20 5(k2 — m2.. .
Dk (k°)|" = gk L (k" — mi-) B2 (k" — mic), (3.7)
2 2
|y . % K R =Rk KM=k — kL (3.8)

With an on-shell K*, the decay is completely described by four independent kinemati-
cal variables: the dilepton invariant mass squared ¢ and the three angles g+, 6; and ¢ as
defined in appendix [A. Squaring the matrix element, summing over spins of the final state

3For a study of off-resonance effects, see ref. @]
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particles and making use of the kinematical identities sketched in appendix [A], one obtains
the full angular decay distribution of B — K*0(— K—at)u*pu~:

dAT _ i]( 2.9 0 &) (3.9)

where

I(q%, 01,05+, @) =I sin® O + If cos? Oxcx + (I3 sin? Opcx + IS cos® Opc+ ) cos 26,
+ I3 sin® O« sin® 0; cos 2¢ + I sin 20 i« sin 26, cos ¢
+ I5 sin 20 i+ sin 6; cos ¢
+ (I sin? O« + I cos® O+ ) cos O + Ir sin 205« sin 6 sin ¢
+ Iy sin 20+ sin 20 sin ¢ + I sin® O+ sin® 0, sin 26 . (3.10)

The corresponding expression for the CP-conjugated mode B® — K*O(— KT )utu~ is

The function I(g?, 0}, 0+, ¢) is obtained from (B.10) by the replacements [f]

I£?2),3,4,7 - f£?2),3,4,7= Ié?e?,s,g - _fé?e?,s,gv (3.12)

) with all weak phases conjugated. The minus sign in (B.13) is a result
of our convention that, while @~ is the angle between the K** and the K~ flight direction

where I:i(a) equals Il-(a

or between the K*0 and the KT, respectively, the angle 6; is measured between the K*°
(K*%) and the lepton p~ in both modes. Thus, a CP transformation interchanging lepton
and antilepton leads to the transformations 6; — 6; — m and ¢ — —¢, as can be seen from
egs. (A1) and (A.2). This convention agrees with refs. [f, BQ, [, but is different from the
convention used in some experimental publications [[[(], where 6; is defined as the angle
between K** and ut in the B° )decay, but between K** and p~ in the B° decay.

terms of K* transversity amplitudes. Since we want to explicitly keep lepton-mass effects

The angular coefficients Il-(a , which are functions of ¢ only, are usually expressed in

and include also contributions from scalar and pseudoscalar operators, this step deserves
a closer look.
3.2 Transversity amplitudes

To introduce the transversity amplitudes, consider for the moment the decay B — K*V*,
with the B meson decaying to an on-shell K* and a virtual photon or Z boson (which can
later decay into a lepton-antilepton pair). The amplitude for this process can be written as

M) (B — K*V7) = €3 (m) My €/ (n) (3.13)

where e’(,* (n) is the polarization vector of the virtual gauge boson, which can be transverse
(n = %), longitudinal (n = 0) or timelike (n = t). In the B meson rest frame, the four
basis vectors can be written as i, [d]

el (£) = (0,1,%4,0)/V?2, (3.14)
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el (0) = (—g2,0,0,—q0) / /2, (3.15)
el (t) = (90,0,0,4:) /2, (3.16)

where ¢* = (qo, 0,0, ¢,) is the four-momentum vector of the gauge boson. They satisfy the
orthonormality and completeness relations

Er/li (n)EV* (’I’L,) = 9nn'> (3.17)
Ze el (1) g = ¢, (3.18)

where n,n’ =t¢,+,0 and g,y = diag(+, —, —, —).
The K*, on the other hand, is on shell and thus has only three polarization states,
ehe.(m) with m = +,0, which read in the B rest frame

eh.(£) = (0,1,4i,0)/V/2, (3.19)
e (0) = (k2,0,0, ko) /mpc, (3.20)

where k#* = (ko,0,0,k,) is the four-momentum vector of the K* (note that k, = —q.).
They satisfy the relations

e (m)eg= n(m') = =, (3.21)

*[L v / Hv kﬂ]{;’/
§ 6I(*(7n)€K* (m )5mm’ =—g" + 5 -
mK*

m,m/’

(3.22)

The helicity amplitudes Hy, H; and H_ can now be projected out from M,,, by contracting
with the explicit polarization vectors in (B.13),

H,, = M(m,m)(B — K*V™), m=0,+, —. (3.23)
Alternatively, one can work with the transversity amplitudes defined as [4]
AJ_7|| = (H—i-l F H_l)/\/i, AO = H(). (3.24)

In contrast to the decay of B to two (on-shell) vector mesons, to which this formalism
can also be applied, there is an additional transversity amplitude in the case of B — K*V*
because the gauge boson is virtual, namely

Ar = My (B — K*V*), (3.25)

which corresponds to a K* polarization vector which is longitudinal in the K* rest frame
and a V* polarization vector which is timelike in the V* rest frame.*
If we now consider the subsequent decay of the gauge boson into a lepton-antilepton

pair, the amplitude becomes

M(B = K*V*(— ptp™))(m) o e (m) My, ZEV* n)er . (n') o (v Pr,rp). (3.26)

4Unlike sometimes stated in the literature, A; does not correspond to a timelike polarization of the K*
meson. As mentioned above, the K™ decays on the mass shell and thus has only three polarization states.
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This amplitude can now be expressed in terms of six transversity amplitudes Ai”’o and
Ai”p, where L and R refer to the chirality of the leptonic current, as well as the seventh
transversity amplitude A;. The reason that for A; no separate left-handed and right-handed
parts have to be considered can be seen as follows. Noticing that the timelike polarization
vector in (B.16) is simply given by €. (t) = ¢*/ /%, one can see from current conservation,

"(myp) =0, (" ysp) = 2imy, (Bysp), (3.27)

that the timelike component of the V* can only couple to an axial-vector current. In
addition, this shows that A; vanishes in the limit of massless leptons.

Now, having shown that the amplitude of the sequential decay B — K*V*(— u*pu™)
can be expressed in terms of seven transversity amplitudes, it is clear that this is true for
all contributions of the operators (9?), (95()/) and (9() to the decay of interest, B — K*(—
Km)ut ™, regardless of whether they originate from virtual gauge boson exchange (i.e.
photon or Z penguin diagrams) or from box diagrams.

Does this also apply to decays mediated not by a vector, but a scalar and pseudoscalar
operator? Inspecting egs. (2.6), (1) and (B.27), one can see that the combination (Op —
') can be absorbed into the transversity amplitude A;, because it couples to axial-vector
currents, just like the timelike component of a virtual gauge boson. However, this is
not possible for the scalar operators Og). Therefore, the inclusion of scalar operators in
the decay B — K*(— Km)utu~ requires the introduction of a an additional, “scalar”
transversity amplitude, which we denote Ag.

To summarize, the treatment of the decay B — K *(—> Km)utp~ by decomposition

of the amplitude into seven transversity amplitudes AL and A, is sufficient as long

L,]1,0
as the operators (’);)9710 and OJ(D) are considered, but has to be supplemented by an ad-
ditional, eighth transversity amplitude Ag once contributions from scalar operators are
taken into account.

Finally, we give the explicit form of the eight transversity amplitudes (up to corrections
of O(as), whose discussion we postpone until section B.4):

Ainr=NV2A2(c [[( oSty (Cef _i_CefE/)} V(g*) 2mb(C 1 oot (g2)],
mp+mi= q
(3.28)
Aps = ~NV3(my — i) | [165" - 5™ = (o5 - o] 2UEL
mp — Mg~
2o - o), (3.29)
N e ett/ eft/
AorL,r = —m{ [(Cg — ™M F (Cff - C H)}
2
o =i~ s ) -2
mp—+mg=
25 CF oy 3 ~ AIT(P)~ Tl (330)
B K*

— 18 —



N 2
A= SEN2 [2(CH - O + 5 (C = )| dula) (3:31)
\/q_2 2my,
Ag = =NA*(Cs — Cs) Ao(?), (3.32)
where 12
N G2a?

with A = m% +mi. +¢* — 2(mEimi. + mi.q¢*> + m%q¢?) and B, = /1 — 4m? /q?.

3.3 Angular coefficients

With the eight transversity amplitudes defined in the preceding subsection, the angular
coefficients I; in (B.1() can be written as

RN 4m? # «
I = [\Aﬁﬁ + AP + (L — R)] - a"Re (AﬁAf + AP Af ) . (3.34)
4m2 *
I = [A P + | AR + — [| A + 2Re(4f AF)| + 52 As P, (3.35)
2
I = L |ALP + Af + (L= R)). (3.36)
IS = =32 [|AG1® + (L — R)] (3.37)
1
Iy = 582 [|AL - 14f P + (L - RB)] (3.38)
1 .
L= ﬁﬁi [Re(AgAﬁ )+ (L — R)} , (3.39)
* m * *
Is = V26, |Re(AF AY") — (L — R) — \/—;‘,2 Re(Af A% + Al A%) | , (3.40)
Ii =28, [Re(AﬁAﬁ*) (L — R)} , (3.41)
c __ mN L A%
I§ = 4B, —\/q_z Re [AjAs + (L — R)], (3.42)
I; = V28, [Im(A§ALY) (L — R) + % Im(AL A%+ ARAY)| (3.43)
q
1 .
Is= 56, m(af AL + (L - R)|, (3.44)
Iy = 3 [Im(Aﬁ*Aﬁ) +(L— R)] : (3.45)

A few comments are in order:

e In contrast to the transversity amplitudes themselves, the angular coefficients I; are
all physical observables. In fact, they contain the complete information that can
be extracted from the measurement of the decay B® — K**(— K-aH)utu=. We
will discuss in section [J which combinations of the angular coefficients constitute
theoretically clean observables.
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e In the limit of massless leptons, the well-known relations I7 = 315 and If = —I$ hold.

e The coefficient I§ vanishes unless contributions from scalar operators and lepton
mass effects are taken into account. Therefore, to our knowledge, it has never been
considered in the literature before. However, it is a potentially good observable for
scalar currents. We will come back to this point in section [.2.3.

3.4 Additional corrections to transversity amplitudes

As mentioned in section B.2, the transversity amplitudes (B.2§) to (B.33) do not include
effects from spectator interactions, which do induce, on the one hand, O(«y) corrections
and, on the other hand, corrections from weak annihilation (WA). These corrections have
been calculated within the QCD factorization (QCDF) framework in refs. [[2] and [LJ] in
terms of the soft form factors £ and ¢ discussed in section B3d.

In ref. [[J], there are two types of O(a) corrections, factorizable and non-factorizable.
The factorizable corrections arise when expressing the full form factors in terms of £ and
&1, are given by the radiative corrections in eqgs. (B.J)—(B-4) and therefore are redundant
in our set-up. The only exception arises upon expressing the running b quark mass in the
operators O7 g, egs. (-2) and (2.3), by a mass parameter in a different renormalization
scheme. In the numerical analysis, however, we use the running b quark mass in the MS
scheme, so all factorizable O(ay) corrections calculated in refs. [[2, [[J] have to be dropped.

The second QCDF correction to the transversity amplitude in section B.J is given by
the WA contribution, TH(O_) (u,w) in the notation of ref. [IJ]. It is induced by the penguin
operators O3 and O4 and hence is numerically small, see table f. This is a term which
is leading in 1/my and O(as), so in principle one should also include power-suppressed
and radiative corrections. However, in view of its small size, we feel justified in neglecting
them. As discussed in ref. [[J], there are further WA corrections which are suppressed by
one power of my with respect to the leading terms. For the leading CKM amplitude in
At, see eq. (R.1)), these are again due to penguin-annihilation diagrams and hence can be
neglected due to the smallness of the Wilson coefficients. The WA contribution to the A,
amplitude vanishes for B — K*0u% ;= but contains, for BY — K**utu~, the factor

C5 =~ 1 and hence should be included for this process. As, in this work, however, we focus
(© (u,w).

|7_

on neutral B meson decays, we can neglect all WA contributions except for T|

)

On introducing the chirality-flipped operators, the 7 l(t”u introduced in section P.3 are

promoted to ’Z'J_i ﬁt’u) corresponding to the notations of ref. [j]. In terms of these quantities,

we can define the additional corrections to the transversity amplitudes:”

C 2my, WA+nf | < u
AAYDF = \aN o (m3y — ¢®)(7; OWVAT R, 7 W)y,

CDF 2my, —(t),WA4nf 3 —(u
AARD :—\/iNq—2(m2B—q2)(TL(t) AT,

°Tt should be noted that the functions F1(729u) entering the non-factorizable corrections are defined with
a different overall sign in refs. [@] and @]
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N(m2 _ q2)2 _ R _
QCDF __ B (t),WA+nf (u)

The superscript, WA+nf, on ’Tf ® indicates that only contributions from WA and non-
factorizable O(ay) corrections are to be included. In accordance with ref. [20], we define
Ao = Ay /At The total transversity amplitudes are given by the expressions in (B.2§)—(B.3()
plus the above terms AARCPF Note there are no corrections to A; or Ag.

4. Testing the SM and its extensions

4.1 Preliminaries

The multitude of observables accesssible in B — K*u™u~ decays allows one to test the SM
and its extensions more locally than is possible through global quantities like branching
ratios and the dimuon mass spectrum. The goal of this section is to describe very briefly
the extensions of the SM that we will analyse numerically in section . To this end we
distinguish different classes of models using two properties:

e the presence or absence of additional operators in the effective weak Hamiltonian
relative to the SM ones,

e the presence or absence of new sources of flavour and CP violation beyond the CKM
matrix.

When appropriate, we will also comment on the correlation between observables in B —
K*pu T~ and other important observables in B physics, such as the mass difference in
the neutral B;, meson systems, AMgy,, and the time-dependent CP asymmetries S in
various decay channels. These are: Syr,, measured in By — J/¢¥Kg, which in the SM
equals sin 23, 3 being one of the angles of the unitarity triangle; Sy, originating from
the b — s5s penguin-decay By — ¢Kg, which in the SM also equals sin 23, but is sensitive
to new CP-violating phases in b — s transitions; Sy, measured in B, — J/¢¢, given by
the By mixing phase, which in the SM is close to zero.%

First, however, we would like to stress the importance of the observables in B — K*(—

Kr)utp~ for tests of the SM.

4.2 Standard Model

The importance of the observables discussed in the present paper for tests of the SM
originates from the following facts:

e Several of the observables we consider are predicted to be strongly suppressed in the
SM or even vanish so that New Physics (NP) effects can be seen more easily than
in the branching ratio of B — K*u*u~ which is measured to be consistent with the
SM expectations.

SThere are, however, hints from the Tevatron that this phase might actually be large @]
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e The relatively small number of relevant SM parameters which are already well con-
strained by a number of processes allows rather definitive predictions for many ob-
servables subject mainly to the theoretical uncertainty of form factors.

e In certain cases the sign of a given observable has a unique prediction in the SM,
which can be tested more easily than the magnitude itself.

However, to use these facts in a meaningful way, it is essential to have reliable calculations
of the relevant form factors. In fact the use of the improved form factors presented in our
paper and the consideration of correlations between the uncertainties of the different form
factors allows one to obtain rather reliable predictions for angular coefficients in the SM.

4.3 Models with Minimal Flavour Violation (MFV)

The simplest class of extensions of the SM are models with constrained MFV (CMFV) in
which the operators are SM-like, all flavour violating transitions are governed by the CKM
matrix and also CP-violating observables are SM-like [fQ-p2). NP effects in this class of
models affect the Wilson coefficients at the scale O(myy) and collect NP contributions from
scales higher than myy. At the same time, the QCD renormalization group evolution down
to scales lower than myy is universal for all CMFV models and the same as in the SM.
It can be shown that this class of models is characterized by strong correlations between
observables in By, Bs and K processes [p]].

The implications of these correlations and of the fact that all flavour violating inter-
actions are governed by the CKM matrix are striking: deviations from the SM predictions
for most weak-decay observables are bounded to be at most 50%, often much less [53, B4
Moreover, the predictions for CP asymmetries are generically identical to the SM ones.
Consequently, the distinction between various models of this class on the basis of global
quantities like branching ratios is very challenging.” We will investigate whether more lo-
cal quantities like the angular observables considered in our paper could be helpful in this
respect. Obviously any measurement of a non-standard CP-asymmetry would immediately
signal new sources of CP violation beyond the CMFV framework.

The symmetry-based definition of MFV [5§] does not exclude the appearance of addi-
tional non-SM operators. Compared to the CMFV framework, large effects can be expected
in particular from scalar operators. The most popular model in this respect is the MFV
MSSM which boasts an extensive literature. In this model the CKM matrix remains the
only source of flavour and CP violation, but, in particular at large tan G, additional scalar
and/or pseudoscalar operators, not present in CMFV models, enter the game. For in-
stance in By g — pp~ decays the presence of such scalar or pseudoscalar operators which
are induced by Higgs penguin diagrams can enhance the branching ratio by one order
of magnitude with respect to the SM, models with CMFV and the Littlest Higgs model
with T-parity.

"However, in the case of B — X,vy, B — X 1¢~ [@, E] and in particular in B — K*¢T¢~ [@]
sizable effects have been identified in the ACD model with one flat universal extra dimension for low
compactification scales.

— 22 —



The discovery of By — uTu~ with a branching ratio of O(10~%) would be a clear signal
of non-standard scalar or pseudoscalar operators. In section f§ we shall demonstrate that it
is precisely the angular observables in B — K*(— Km)utu~ that allow one to distinguish
whether scalar or pseudoscalar currents would be responsible for such an enhancement.

4.4 Flavour Blind MSSM

As a modest, but interesting modification of the MSSM with MFV we consider the so-called
Flavour Blind MSSM (FBMSSM) [E9-FZ. In this framework, the CKM matrix remains
the only source of flavour violation, while new flavour conserving, but CP-violating phases
are present in the soft sector. To be more specific, we assume universal soft masses for the
different squark flavours and flavour-diagonal trilinear couplings at the electroweak scale,
allowing for complex values of the latter parameters.

One would naively expect that CP-violating, but flavour conserving observables, such
as electric dipole moments (EDMs), would be the best probes by far for CP violation in
the FBMSSM. However, it turns out that large new CP-violating effects in flavour physics
can still occur at an experimentally visible level. In particular, there is still a lot of room
for CP-violating asymmetries in B decays, like Acp(b — s7v) and Sgkg, while Syg is
well constrained.

The dipole operators play the most relevant role in this context and, as shown in
ref. [@], striking correlations between electric dipole moments of neutron and electron, the
Sk asymmetry and Acp(b — s7) are present in this model. In particular this framework
links the explanation of the suppression of Syg relative to Sykg, measured at the B
factories, to a large enhancement of Acp(b — sv) and the EDMs of the neutron and the
electron, d,, ¢, over their SM values.

Therefore it is of interest to investigate whether the addition of flavour conserving,
but CP-violating phases in the soft sector would have a visible impact on B — K*(—
Km)utp~ and consequently whether the FBMSSM could also be tested with the help of
the observables discussed in the present paper. As we will see below, very interesting and
predictive results are in fact obtained in this framework.

4.5 Littlest Higgs model with T-parity (LHT)

Another class of models of interest are those in which the operators remain as in the SM,
but new sources of both flavour and CP violation beyond the CKM matrix are present.
In this class of models the CMFV correlations between By, Bs; and K observables are
generally violated and much larger NP effects than in CMFV models are possible.

A prominent example of this class of models is the Littlest Higgs model with T-
parity [f3, p4] in which the interactions between SM quarks and heavy mirror quarks,
mediated by new heavy charged and neutral gauge bosons, involve a new mixing matrix
that differs from the CKM matrix [b5] and is parameterized by three new mixing angles
and three new CP-violating phases [(4].

A number of detailed analyses of FCNC processes in the LHT model has shown that
large departures from SM predictions for FCNC processes are still possible in this model
while satisfying all existing constraints [4-[0]. In particular the CP asymmetry Sype
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can be enhanced by an order of magnitude relative to the SM prediction [67, 1] which
would be welcome if the data from the Tevatron [iJ] will be confirmed by more accurate
measurements at LHCb. We will investigate whether the LHT model can also be tested
efficiently by means of the angular observables in B — K*(— Kr)u™pu~. All loop functions
with mirror quarks and new heavy weak-boson exchanges have been calculated in refs. [7,
6. A very recent paper, ref. [[(], finds additional contributions to Z penguin relative to
ref. [6§]. We will investigate the importance of these terms in our analysis.

4.6 General MSSM

Finally we also consider the MSSM with generic flavour- and CP-violating soft SUSY-
breaking terms. In such a framework one is confronted with a large number of free param-
eters which make it very difficult to perform global analyses.

The flavour-mixing off-diagonal entries in the squark mass matrices, usually called
mass insertions, present in this framework can lead to complex contributions to the Wilson
coefficients of all operators in egs. (B.3) to (7). On the other hand, the mass insertions
are not completely free parameters, but are constrained by measurements of many FCNC
processes like BR(B — Xsv), BR(B — Xsutp™), AM;, AMy, Sykg and others [f3-
[74]. The remaining parameter space still allows sizeable effects in the Wilson coefficients
governing B — K*u*p~. The general MSSM contributions to these Wilson coefficients
have been studied for both inclusive decays, B — X,u*u~ [[d, ], and exclusive channels,
B — KWyt~ [, [§. In section we investigate the possible impact of these
contributions on the observables discussed in the following section [}, focusing in particular
on the question of how to distinguish the general MSSM framework from the other models
described above.

5. Observables

As discussed in section [}, the decay B® — K*0(— K~—n%)utu~ is completely described
in terms of twelve angular coefficient functions Ii(a). The corresponding CP-conjugate
mode B? — K*(— KTn~)utu~ gives access to twelve additional observables, the CP-
conjugate angular coefficient functions I;(a). These quantities have a clear relation to both
experiment and theory: theoretically they are expressed in terms of transversity amplitudes,
and experimentally they describe the angular distribution. A physical interpretation of
these Ii(a) can be drawn from egs. (B.34) to (B-4§). For example, IS depends on scalar
operators and I7 to Iy depend on the imaginary part of the transversity amplitudes, and
consequently on their phases, which come either from QCD effects and enter the QCD
factoriation expressions at O(as), see section P, or are CP-violating SM or NP phases.

To separate CP-conserving and CP-violating NP effects, we find it more convenient to
consider the twelve CP averaged angular coefficients

a a #a d(l +T
s = (11 + 1) /% (5.1)
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my =0 |my,#0
SM 18 22
sM+ 07| 20 24

Table 5: Number of independent observables in B — K*(— Km)u™p~, depending on whether
lepton mass effects and/or scalar operators are taken into account.

as well as the twelve CP asymmetries®

AW = (19 - 1) / LZ;; D, (5.2)
These are our primary observables that will be used in the phenomenological analysis
in section f|. They offer a clean and comprehensive way to analyse the full richness of
angular distributions in B — K*(— Kr)u™p~ decays. We shall show below that all
previously studied observables, for example the forward-backward asymmetry Agpg, can
be easily expressed in terms of our new observables. SZ-(a) and Aga) are normalized to
the CP-averaged dilepton mass distribution to reduce both experimental and theoretical
uncertainties. Taking the CP average means that CP-violating effects in the Si(a) are
washed out, resulting in a cleaner observable. Taking the CP asymmetry, on the other
hand, means that any non-standard CP violation can be easily identified.

)
noted in ref. [PJ). This is because the only CP-violating phase affecting the decay enters

These CP asymmetries, i.e. AZ(-a , are expected to be small in the SM, as previously
via A, in eq. (J]) and is doubly Cabibbo-suppressed. Therefore we are particularly keen
to examine these asymmetries in the context of CP-violating phases in NP models.

It should be stressed that out of these 24 observables, two vanish in the SM, namely S¢
and A§, which are generated only by scalar operators, and four are related in the limit of
massless leptons through S = 355, S¢ = —S§ and A = 3435, Af = —AS (see section B.J).
Table | summarizes the number of independent observables in these limits.

In addition, even for non-zero lepton mass, only three of the four ng are independent,
which can be seen as follows. The dilepton mass distribution can be expressed in terms of
angular coefficients as

a3, .. . 1. o
Therefore, due to the normalization (p.1), there is the relation
3 1
1(2 ST+ S7) — 1(2 Ss +55) =1 (5.4)

Consequently, the complete set of 24 independent observables would be given by the twelve
Aga), eleven SZ-(a) and the CP-averaged dilepton mass distribution d(I" + I') /dq?. However,
the latter is the only observable for which the normalization of the form factors is relevant,
so theoretically it is not as clean.

In our opinion, the quantities SZ-(a) and Aga) are the natural starting point for an
experimental analysis. In ref. 2], a detailed investigation was carried out showing that

8 Note that our definition of the CP asymmetries differs from ref. [E] by a factor of 3.
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a full angular fit was the preferred way to extract observables. This would involve fitting
egs. (B.9) and (B.11)) to data. From such a fit the Ii(a) and fi(a) would be found directly, and
could be combined using egs. (f.1) and (f.9) to give the desired quantities. We suggest that
a similar full angular fit could be carried out for the four-fold spectrum d*(I' £ T'), so SZ-(G)
and Aga) would be instantly accessible. Note that, due to eq. (B.13), the CP-averaged decay
distribution d*(I" +T') gives access to Sgg 47 and Aé‘j&&g, while the remaining observables
can be obtained from d*(I" — T).

Alternatively, SZ-(a) and Aga) can be found by taking asymmetries and/or integrating
d*(I' £ T') over the angles 6;, x and ¢. Details for the extraction of some of the Aga) are
given in ref. [RQ], but we stress that all our observables can be determined in a similar
manner. To illustrate this point, one case not mentioned in ref. [R(] is S5, which can be
obtained by integrating over two angles:

3m/2 /2 2m 1 0 3P _ T T
Ssz_é / _/ —/ d¢[/ —/}dcos@K (21(F I) d(I‘tF)'
3 | Jr)2 0 31/2 0 1 dq® dcos O do dq
(5.5)
to the CP-averaged dilepton mass

As stated above, we normalize the SZ-(a) and Aga)
distribution in order to reduce the dependence on the form factors. Our approach described
in sections B.3 and B.4 makes use of the full form factors for the dominant leading-oder
contribution and the soft form factors for additional suppressed contributions. Therefore
our results are largely independent of the relation between the soft form factors and the full
form factors. However, to further our understanding of these soft form factor relations, we
investigate them and their ¢> dependence in appendix [B. It is found that relations involving
€| are almost independent of ¢?, whereas those involving & | have a considerable dependence
on ¢? due to the neglected 1/my, terms. Therefore we stress that the transversity amplitudes

Ai’ﬂz of section B.9, and all angular observables built from them, should be more or less

insensitive to 1/my corrections, i.e. corrections to QCDF, while AOL ' and all corresponding
angular variables will be slightly more affected by such corrections. These findings impact
on prior work carried out in this channel, where the transversity amplitudes were given
entirely in terms of the soft form factors using QCDF.

All established observables can be expressed in terms of SZ-(a) and Aga). For example,
the CP asymmetry in the dilepton mass distribution is given by (see eq. (5.4))

dT—T) /d@T+T) 3, . o 1. .o .
Acp = e / e :Z(2A1+A1)_Z(2A2+A2)' (5.6)

We prefer to define the normalized forward-backward asymmetry as a ratio of CP-
averaged quantities, to wit

L A -T) /dT+T) 3
A = — = 2(2 S c ) )
i [/0 /_1] deos O Teos 91/ i 2 (255 + S¢) (5.7)

The CP average is numerically irrelevant in the SM, but makes the connection to exper-
iment more transparent. In addition, this definition is complementary to the forward-
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backward CP asymmetry [[9],

AGE = [/ / }dcos@l il F+F)/d(r”) :%(2A§+Ag). (5.8)

dq? d cos 0, dq?

Additional well-established observables are the K* longitudinal and transverse polar-
ization fractions Fp,, Fr, which are usually defined in terms of transversity amplitudes. We
prefer to directly express them in terms of CP-averaged observables and define

Fr=-S85,  Fr=4S;. (5.9)

The well-known relation Fr = 1 — Fy, is then a consequence of eq. (5.4) in the limit of
vanishing lepton mass.

In refs. [, BT, the transverse asymmetries Agf) were introduced. They can be ex-
pressed in terms of our observables as

EY
253

1/2
A _ (Aasitst \Y
T —285(285+53))

52 + 452 1/2
A(4) — 5 8 . 1
r (4542+s$ (5.10)

AD =

Finally, for some observables it is useful to consider their ¢? average. We define

6 GeV?2 6 GeV?
a a =( dar r
<S§>>= dq [( J; ) (5.11)
1 GeV? 1GeV?

6 GeV? 6 GeV?
a a =( dar r
<A§)>= dq I( - J; ). (5.12)
1GeV?2 1GeV?

The reasons for choosing the interval 1 GeV? < q2 < 6GeV? are discussed in section @

We proceed in the next section by studying the predictions for Si(a) and Aga), keeping
in mind the sensitivity to hadronic effects. This is carried out first in the SM and later in
the various NP models described in section [.

6. Phenomenological analysis

We are now in a position to perform a phenomenological analysis of the observables defined
in section [, first in the SM, then in a model-independent manner, and finally for specific
NP scenarios.

6.1 Standard Model
(a)

Our predictions for the CP-averaged angular coefficients S;”’ in the SM are shown in
figure B S§ and S§ have been omitted since the relations S§ = 3S5 and S§ = —S5 (see

section B.3) are fulfilled up to lepton-mass effects, which amount to at most 1%. Sf; are
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numerically large as expected. Sy, S5, S§ are similar in magnitude, but are particularly
interesting as they each have a zero in ¢?. All these predictions are seen to have small
uncertainties, as the normalization results in a cancellation of hadronic effects. In table [,
we show our predictions for the positions of the zeros of Sy, S5 and S¢, denoted by qg(Si(a))
from now on. S3 is numerically small in the SM since it is approximately proportional to
the chirality-flipped Wilson coefficient C%, which is suppressed by a factor mg/ms. S7, Sg
and Sg are small as well and have a larger error-band as they arise from the imaginary part
of the transversity amplitudes.

The error bands have been obtained by adding various uncertainties in quadrature.
We estimate the uncertainty due to the form factors by varying the Borel parameter and
continuum threshold as discussed in section P.J. The renormalization-scale uncertainty is
found by varying p between 4.0 and 5.6 GeV, where p is the scale at which the Wilson
coefficients, oy and the MS masses are evaluated. We also include parametric uncertainties
which are estimated by varying the hadronic parameters as indicated in table [J, the ratio
me/mp between 0.25 and 0.33, and the CKM angle ~, which is particularly important
for the doubly Cabibbo-suppressed contribution to the CP asymmetries, between 60° and
80°.% In addition, we show the leading-order prediction as a dashed line. We find that
the impact of radiative QCDF corrections is moderate for observables like S2 3456 that,
in the SM, are largely independent of weak or strong phases, but becomes more prominent
for observables built from imaginary parts, like S7 g9 and A;, where the main contribution
comes from strong phases induced by O(as) corrections in QCDF.

Some of these SZ-(a) can be directly compared to previous results in the literature. S5
and S5 correspond to the K™ longitudinal and transverse polarization fractions Fp, and
Fr, see eq. (b.9), and S yields the forward-backward asymmetry Apg, see eq. (b.7). In
particular, q(z](Sg) in table [ is identical to the zero of the forward-backward asymmetry
which has been extensively studied in the literature. For completeness, in the last row of
figure Pl we also show the CP averaged dilepton mass distribution d(I' + I') /dg? and the
observables Ag‘? ) and Agfl ) defined in ref. B1), see section . We find that our results for all
these observables compare well to those in the literature. However, we note that the peak
in the plot of Agﬁ ) is a manifestation of the zero q2(Sy) of Sy, see eq. (b.10). This division
by a near-zero quantity induces a large theoretical uncertainty both in the position of the
peak and its height. We stress that such uncertainties do not arise if the observables Sy
and S5 are considered instead of Ag’ ) and Agf‘ ) In fact, as dI'/dq? is a smooth function in
the range of ¢? considered, none of our observables S; and A; is affected by accidental and
delicate cancellations in the denominator.

As explained in section [], the CP asymmetries are close to zero in the SM, which
is evident from figure [J, where we show all the Aga) (again except for A7) and the CP
asymmetry in the decay distribution, Acp. As explained above, the shift from LO to NLO
is substantial. Our results are in good agreement with ref. 2], but do not coincide exactly.
This can be understood by recalling that we use the full LCSR form factors and that our

9The discontinuity in some of the error bands just below 6 GeV? is an unphysical artifact resulting from
small charm quark masses ~ 1.2 GeV allowed in the estimation of the error. This feature was already
observed in ref. [@]
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Figure 2: CP-averaged angular coefficients Si(a), CP-averaged dilepton mass distribution d(T" +
I')/dq? and transverse asymmetries Ag,? 4 in the SM as a function of ¢®>. The dashed lines are
the leading-order (LO) contributions, obtained in naive factoriation. The thick solid lines are
the full next-to-leading order (NLO) predictions from QCD factorization (QCDF), as described in
section P.4. The blue band defines the total error for the NLO result as described in the text.
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Figure 3: CP asymmetries Aga) and Acp in the SM as a function of ¢?. The meaning of the curves
and bands is as in figure E

normalization of the soft form factors, especially ¢, is different from that used in ref. [2(].

Also our choice of quark masses, in particular m./m; and my, as well as the scale p at
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Obs.

Sy

Ss

S8

qg [GeV2]

+0.12
1.94751%

+0.06
2.247 508

0.11
3.907 015

Table 6: Predictions for the zero positions g3 (SZ-(G)) of Sy, S5 and S§ in the SM.

Obs. | 103 x ... | Obs. | 103 x...
(A7) | —12875 | (4s) | —28.9%33
(Af) | 315155 | (A5 | —22.5753
(43) | —0.3%00 | (A7) | 17.2753
(A45) | —30.5735 | (As) | —13.07%g
(A3) | 05755 | (Ag) | 05707

(Ag) | 77198 | (Acp) | 29.7751

Table 7: Predictions for the integrated CP asymmetries (Aga)) (in units of 1073) in the SM. Note
the different normalization with respect to ref. [@], see footnote E

which the QCDF hard-scattering corrections are evaluated, differs from [R0].
that, in view of the smallness of the SM values of A;, these discrepancies become irrelevant

We stress

once large NP contributions start to dominate these observables, as we shall see in the
remainder of this section.
In table [, we list our predictions for the ¢-integrated CP asymmetries as defined in

eq. (p.12).
6.2 Model-independent considerations

Before turning to specific NP scenarios, we investigate the model-independent impact of
the Wilson coefficients on our observables.

6.2.1 Impact of Wilson coefficients on observables

The impact of NP on the angular observables discussed in our paper is given by the changes
of the Wilson coefficients of the affected operators. One can group these Wilson coefficients
into three classes:

e Dipole coefficients: C7, Ch, Cs and C§. The role of the gluon dipole operators is
subleading in the decay considered.

e Semileptonic coefficients: Cy, C§, C1o and C{j,.
e Scalar coefficients: Cg — C% and Cp — Cp.

Before entering the discussion of various NP scenarios, it is useful to study the correlation
between the angular coefficients and the Wilson coefficients. In table § we show which
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Wilson coefficients | largest effect in

Cq, Cf S7, SY, 85,55, S3, Sa, S5, Sg,

Az, Ag, Ao,

BR(B — Xy7), BR(B — Xsutu™)
Cy, C{, Cio, Cf ST, 8¢, S5, S5, S3, Sa, Ss, Sg,

Az, Ag, Ay,

BR(B — Xsup™)
Cs — Cl S,

BR(Bs — ptp™)
Cp—Chp ST+ S5,

BR(Bs — pp”)

Table 8: The Wilson coefficients relevant in B — K*uTp~ and the observables they have the
largest impact on.

Observable mostly affected by

S5, 8¢, 85,85 | Cr, C%, Cy, C§, Cho, C1p
S3 C7, Gy, Oy

Sy Cy, C%, Cho, O

Ss Cr, CL, Cy, CY

S C7, Cy

A Cr, C%, Chg, Cf

Ag Cy, C%, Cy, C, C1y

A C1, Gy, Cig

S Cs —C%

Table 9: The most interesting angular observables in B — K*u*u~ and the Wilson coefficients
they are most sensitive to.

observables are most affected by a significant change of a given coefficient. In table [§ we
show, on the other hand, which Wilson coefficients should be altered to produce a large
effect in specific observables.

We observe:

o Cr7, CL, Cy, C§, Cp and Cf, can induce large effects in many observables, or at least
in those that do not require the presence of strong phases. To be precise, the A;
are mainly induced by imaginary parts of the Wilson coefficients, while the S; are
induced by their real parts.
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Figure 4: Left: correlation between ¢2(Sy4), the position of the zero of Sy, and the NP contribution
to Cy9 — Cfy. Right: correlation between ¢3(S§) and the NP contribution to Cy. We use the
branching ratio for B — Xy to constrain the NP contributions to C7 and C%. The green (red)
band corresponds to a value of BR(B — X,v) at the upper (lower) end of the experimental 20
range, the blue band to SM values for C7, C7.

e Ounly the primed coefficients C%, C{ and C1, can significantly affect the observables S3
and Ag. As can be seen from eq. (p.1(]), S5 corresponds to the transverse asymmetry
Ag? ) and the impact of NP physics contributions to C} on this observable has been
studied for example in refs. 21, {5, {7].

e The scalar operators affect mainly S§ and the branching ratio for B, — pmu~.
This implies interesting correlations between these two observables as discussed in

section [.2.3.

6.2.2 Model-independent analysis of S4, S5 and Sg

The zero of the forward-backward asymmetry has been the focus of many experimental
and theoretical studies (see for example refs. [0, [[q]) as it is established as being an
observable free from hadronic effects and capable of distinguishing between NP scenarios.
In section | we expressed the CP-averaged forward-backward asymmetry in terms of S§
through eq. (5.7), so Sg could clearly be studied instead of App. In addition, from figure B,
we find there are two more observables with such a zero in ¢2, S4 and Ss. A study of
these three observables in a model-independent way could allow us to constrain the NP
contributions to the Wilson coefficients.

From table [J] we see that the zero of Sy, q3(S4), is largely sensitive to Cr, Ch, Cyg and
C}o- This dependence arises only through C7 — C} and Cyy — Cf,. We therefore explore
how the position of the zero in ¢? is affected by NP modifications to Cio — C1p and C7.
The current experimental value of the branching ratio of B — X,y provides a constraint
on C7 and C%. We find a strong dependence of q8(54) on Cp — Cy, and its measurement
would provide very interesting information about these Wilson coefficients. In figure i, we
show this dependence for real values of C7.

If the NP introduces an imaginary part to C7, the bound from B — X7 is weakened,
allowing large effects in the zeros. In fact, large values of Im(C7) significantly enhance
the branching ratio of the decay B — Xgv and in order to be in agreement with the
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Figure 5: Left: Experimental constraints on the NP contribution to C7. The blue circles show the
constraint from the central and +20 values of BR(B — Xy7v), assuming C:NF = 0. The black circle
corresponds to the 20 bound from BR(B — X(1¢7), assuming C%)NP = 0. The solid thick and
the dotted lines have been obtained assuming SM and SM=£25% values for Cy, respectively. Right:
Correlation of the zero in S§ with the NP contribution to Re(C7). The blue, red and green bands
indicate SM, SM+25% and SM—25% values for Cy with the associated theoretical uncertainty. The
vertical dashed lines correspond to the upper and lower bounds on Re(C7) in the absence of an
imaginary part of C7. (The corresponding points in the left-hand plot are highlighted by red dots.)
For an arbitrary imaginary part, the upper bound on Re(C7) is removed, and ¢3(Sg) can be at or
below 1 GeV?.

experimental data, large positive contributions to Re(C%7) that interfere destructively with
C’7SM are required. For such values of the Wilson coefficients, the branching ratio of the
decay B — Xsutu~ is largely enhanced, effectively setting a new upper bound on Re(C?).
In the left-hand plot in figure [], we show these combined constraints on C7 in the complex
plane. Exactly the large positive contributions to Re(C7), which are allowed in the presence
of phases in C%\IP, then unambiguously shift the zeros of Sy, S5 and S§ towards lower values.
In the right-hand plot in figure [fl, we show as an example that the allowed range for q%(Sg)
is greatly enhanced in the case of complex C.

This analysis can also be applied to Sg, which depends strongly on C7 and Cy. We
examine the dependence of qg(Sg) on NP contributions to C9 and C7. This again is
restricted by the experimental value of the branching ratio of B — X,y. We find a
strong dependence on Cy, and for real values of C7 this would be a clean way to determine
infomation about a possible NP contribution to Cy as seen in figure [|. Again, if NP induces
a complex phase of C7, the range in qg(Sg ) increases dramatically.

It is a greater challenge to extract information about the Wilson coefficients from S5
due to its dependence on C7, C4, Cg and Cf,. However, a measurement of ¢3(Ss) could
provide a consistency check with Cg — C1, and Cy determined from Sy and Sg, provided
Cr, C} are real. In addition, this might allow one to untangle the effects of C%P and Cf(\)IP

in figure .
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6.2.3 Impact of scalar currents

As mentioned in the introduction, the impact of the scalar and pseudoscalar operators
(’)g’)P on the angular distribution of B — K*(— Km)u™u~ has been considered before 3],
and no relevant effects on the observables of interest were found. However, as shown in
section B.J, the inclusion of lepton-mass effects,'® which were neglected in previous studies,
gives rise to an additional observable in models with scalar currents, which can serve as a
precision null-test of the SM and, as we will show, in principle allows one to distinguish
between different NP models.

To assess the size of the possible effects generated by these operators, we first consider
the allowed ranges for the Wilson coefficients C’g)P. The most stringent constraint on
these coefficients comes from the measurement of By, — p+ ™, which is strongly helicity
suppressed in the SM, with a predicted branching ratio of [51], 2

BR(Bs; — ptp™) = (3.37£0.31) x 1077, (6.1)

The most recent experimental upper bound still lies, at the 95% confidence level, one order
of magnitude above the SM [B(:

BR(B, — ptp™) < 5.8 x 1078, (6.2)

However, in many models, e.g. the MSSM at large tan 3, this branching ratio can be greatly
enhanced.
In a generic NP model, the branching ratio is given by

_ al G? . 4m? 4m?
BR(Bs —ut ™) =78, f.ms, SV Vil 1= =2 ISP | 1- =2 | +|PP|, (6.3)
167 mp. mp,
where
m2Bs ! m2Bs ! !
S = 5 (Cs —Cy), P = 5 (Cp — Cp) +mu(Cio — Cp)- (6.4)

Considering the experimental bound in eq. (B.g), these formulae imply the approximate
bounds

|Cs —C4| <0.12GeV™H,  —0.09GeV! <Cp—Cp <0.15GeV™!,  (6.5)
barring large NP contributions to the Wilson coefficients C’}g.

Now, inspecting the formulae for the angular coefficients, eqs. (B.34)—(B.49), one can
see that the only terms in which C’g) and C’](D/) are not suppressed by the lepton mass enter
in the angular coefficient I{. However, due to the small size of the Wilson coefficients
themselves, see (6.1), these terms turn out to be numerically irrelevant in general once the
bound from By — pp~ is taken into account.

Since the pseudoscalar operators do not contribute to any other angular coefficient,
this implies that they are indeed irrelevant in the phenomenological study of B — K*(—

10WWe stress that we restricted ourselves to muons in our numerical analysis.
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10° BR(Bs—put ™)

10%()

Figure 6: Correlation between the observable (S§) and the branching ratio of Bs — p*p~. The
blue band is obtained by assuming NP contributions only to the Wilson coefficient Cg, the black
curves (where error bars are omitted) by assuming Cp = —Cg. Different values of the phase
Arg(Cs) are indicated. The red and green dots correspond to points in the CMSSM as described
in the text. The horizontal dashed lines indicate the SM prediction for BR(Bs — p*p~) (B.1) and
the current experimental upper bound (f.2).

Kr)ptp~. For the scalar operators, however, the situation is different, because of the new
angular coefficient I§, eq. (B.41]), which is directly proportional to the real part of (Cg— Cy)
and thus vanishes in the SM. So, although numerically small, this angular coefficient is an
appealing observable because any measurement of a non-zero value would constitute an
unambiguous signal of scalar currents at work.

This is in contrast to the process B, — p'p~, where a large enhancement of the
branching ratio compared to the SM could be caused by both scalar and pseudoscalar
currents. In addition, the measurement of a non-zero S§ (the CP-averaged counterpart of
I§) would allow to determine the sign of Re(Cy — C%). In fact, by a combined study of
By — ptp~ and the observable S§, one would be able to constrain the relative sizes of the
scalar and pseudoscalar Wilson coefficients, which can serve to distinguish different models
of NP. For example, in the MSSM, the ratio of Cg and Cp is

CP Mio

— -2~ -1 6.6
Cg ]\412{O (6:6)

to a very good accuracy, a relation which could be tested by a measurement of BR(B; —
ptp™) and S§.

To illustrate this point, we show, in figure fi, the correlation between BR(By — u* ™)
and (S§) (as defined in eq. (B.11)). The blue band has been obtained by assuming that NP
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contributions enter only through Cg, i.e. setting Cp/Cs = 0, and varying Cg accordingly;
the error band takes into account all the sources of error as discussed in section [6.1.
Assuming, in contrast, Cp/Cgs = —1, as would be the case in the MSSM, one obtains
the black dashed parabola. As an illustration, the predictions for parameter points in the
constrained MSSM (CMSSM) with large tan 3 are indicated as red and green dots. These
points have been generated by a random scan of the CMSSM parameters in the ranges

my < 1TeV, myjp < 1TeV, (6.7)
—2m0 < A() < 2m0, 30 < tanﬁ < 50, (68)

permitting both signs for the u-term and discarding points violating existing mass bounds
or being incompatible with the measurement of BR(B — Xg7). The green dots correspond
to > 0, the red ones to pu < 0. It can be seen that the CMSSM points lie on the
curve corresponding to Cs = —C'p and, in particular for a positive u parameter, could be
clearly distinguished from the scenario without pseudoscalar currents, assuming sufficient
experimental accuracy.

Since the observable (S§) probes the real part of (Cg — C%), the correlation gets
modified if one allows a phase in Cs. More precisely, |(S§)| gets reduced for a fixed
value of BR(Bs — pu™p~). This is illustrated by the black curves corresponding to Cg =
—Cp, where both Wilson coefficients are now complex, with the respective phase Arg(Cly)
indicated by the labels on the curves. This is precisely what happens in the Flavour
Blind MSSM discussed in detail in section p.3.9. In this scenario, the measurement of the
correlation between BR(B; — putp™) and (S§) would thus directly probe the phase of the
scalar Wilson coefficient.

To summarize, while pseudoscalar operators are numerically irrelevant in the decay
B — K*(— Km)utu~, a study of the angular distribution allows one to probe the scalar
sector of a theory beyond the SM, in a way that is theoretically clean and complementary
to By — put .

6.3 Specific new physics scenarios

With the SM predictions for the CP-averaged angular coefficients SZ-(a) and the CP asym-
(a)

metries A, in hand, we now investigate how these observables change in the NP scenarios

discussed in section [{.

6.3.1 Minimal Flavour Violation

In the MFV framework as described in section .4, no additional CP-violating phases are
present and NP contributions to the Wilson coefficients of the primed operators can be
neglected. This implies that all possible effects will arise from real contributions to the
Wilson coefficients C7, Cg, Cg and C1g. This implies in turn that the most visible departures
from the SM predictions will be in the observables Sf:;, Sy, S5 and Sg, while the other
angular observables and in particular the CP asymmetries will essentially be SM like.!!

11n general the concept of MFV does not exclude effects in the scalar Wilson coefficient C's which
affect the observable S§. However, as shown in section , these effects can be discussed completely
independently and we will not consider them in this section.
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Scenario | tanf8 | ma | mg | my | my | Ag ,u
MFEVy 28 | 380 | 530 | 800 | 540 | —850 | 860
MFVy 29 | 530 | 1000 | 880 | 660 | 880 | 750

Table 10: Most relevant parameters of the two MFV MSSM scenarios discussed in the text. tan 3
is the ratio of the two Higgs VEVs, m 4 the mass of the pseudoscalar Higgs, mj is the gluino mass,
mg 1s a universal soft mass for the left handed squark doublets, m a universal soft mass for the
right handed up squarks, A; is the stop trilinear coupling and p the Higgsino mass parameter. Our
conventions for the trilinear coupling are such that the left-right mixing entry in the stop mass
matrix is (m?) g = —my(A; + p* cot B). All massive parameters are given in GeV.

Model-independent studies within the MFV framework show that large NP contribu-
tions to the Wilson coefficients C7, Cs, Cy and Cyg are still allowed [BI]. In particular,
scenarios in which the sign of these Wilson coefficients is flipped with respect to the SM
cannot yet be excluded.

However, in concrete MFV NP models it is usually difficult to generate large effects
in C9 and Cig. For example in the MFV MSSM, NP contributions to Cg and C7o are
typically very small [7d, BJ]. Therefore, in this model, the main source of NP effects is
C7 whose value can be modified substantially by chargino-stop loops. For negligible NP
contributions to Cy and C1y however, the effects in C; are strongly constrained by the data
on BR(B — X4v) and BR(B — X,utp™) and in particular a sign flip in C7 is excluded
at the 30 level [BJ]. The effects in the SZ-(G) are then quite limited. In figure [, we show
the largest possible effects in Sy, S5 and S§: scenario MFV] (green curves) corresponds
to the maximum allowed negative (i.e. constructive) NP contribution to C7 (i.e. ONF) and
shifts the zeros of Si, S5 and S§ to larger values of q?. Scenario MFVy; (red curves), on
the other hand, corresponds to the largest positive allowed value of C%\IP and hence shifts
the zeros to smaller values. The separation in ¢? between these two curves corresponds to
the range shown in figure [l for (CJF — CHF) = 0 and CJF' = 0, respectively, where the
superscript NP denotes the NP contribution to the Wilson coefficient. The most relevant
input parameters corresponding to the two scenarios are collected in table [[0.

It is well known that in the MFV MSSM, the shift in the zero of the forward-backward
asymmetry in B — X,uTp~ is highly correlated with a change of the branching ratio of
B — Xy [BY, B4. In figure § we show the corresponding correlation between the zeros
of Sy, S5 and S§ and BR(B — Xyv). Any deviation from the lines in the plots would
signal the presence either of NP contributions to Wilson coefficients other than C; or of
new CP-violating phases that lead to complex values of C7.

6.3.2 Flavour Blind MSSM

One model with new sources of CP violation is the FBMSSM discussed in refs. [p9-FJ.
This is a MSSM where the CKM matrix is the only source of flavour violation, but addi-
tional CP-violating, flavour conserving phases are present in the soft sector. Within this
framework, the majority of non-standard effects arises though complex NP contributions
to the Wilson coefficient C7. We discuss two scenarios in which the effects are maximal:
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Figure 7: The observables Sy, S5 and S§ in the SM (blue band) and the MFV MSSM scenarios
MEFVy 11 described in the text.
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Figure 8: The correlation between the zeros of Sy, S5 and S§ and BR(B — X,v) in the MFV
MSSM. The blue circles correspond to the central SM values, while the green diamonds represent
scenario MFVy and the red squares scenario MFViy.

Scenario tan 3 | ma | mg mg | mg A; | | Arg(pdy)
FBMSSM; 40 | 400 | 700 | 380 | 700 | 900 | 150 —45°
FBMSSM; 40 | 400 | 700 | 380 | 700 | 900 | 150 50°
FBMSSMpr | 40 | 400 | 700 | 550 | 700 | 900 | 150 —60°

Table 11: Most relevant parameters of the three FBMSSM scenarios discussed in the text. All
massive parameters are given in GeV.

scenario FBMSSMj is characterized by large negative Im(C7), while scenario FBMSSMiy
corresponds to a large positive Im(C7). The corresponding input parameters are collected
in table [L1], together with those of a third scenario, FBMSSMyjj, to be considered later.
Concerning the CP asymmetries, we observe that significant departures from the SM
predictions can be obtained in Af ,, A5, A§, A7 and As. The most pronounced effects can
be seen in A7 and Ag and these are shown in the left and centre plot of figure fJ. The effects
here are predominantly due to the large imaginary part of C; and we note that in this case
positive values for A7 imply negative ones for Ag and vice versa. This is also displayed
in the right plot of figure ], where we show the almost perfect correlation between the
integrated asymmetries (A7) and (Ag). Any deviation from the line shown in this plot
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Figure 9: Left and centre plot: CP asymmetries A7 and Ag in the SM (blue band) and
three FBMSSM scenarios as described in the text. Right plot: correlation between the integrated
asymmetries (A7) and (Ag) in the FBMSSM. Blue circle: SM, green diamond: FBMSSMjy, red
square: FBMSSMy; , orange triangle: FBMSSMypy.
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Figure 10: The observables S4, S5 and S§ in the SM (blue band) and the three FBMSSM scenar-
ios FBMSSMI)H)IH.

would signal the presence of additional imaginary parts in either C or C’é/) and C’fg.

In the CP-averaged angular coefficients we find significant departures from the SM in
Si’;, S4, S5, Sg and also in S¢, while effects in S3, S7, Sg and Sy can hardly be distin-
guished from the SM. Although in the FBMSSM the BR(Bs — u* ™) can be close to its
experimental upper bound, the effects in S§ are smaller than the maximal effects found in
the model-independent discussion of section p.2.3, because the large imaginary part in C7
implies a large phase for the relevant Wilson coefficient C's. Concerning ng , we find that
while |S7 5| is enhanced, |S{ 5| is suppressed with respect to the SM results. For Sy, S5 and
the forward-backward asymmetry Sg we find significant shifts in their zero towards values
of ¢? lower than the SM prediction or we even find no zero at all. These effects are shown
in figure [LJ and are much larger than those possible in the MFV MSSM (see figure [). The
reason for these large shifts are the large values of Im(C7) in the scenarios considered, as
discussed in section [5.2.9.

One finds that the strict correlation between the zeros and BR(B — X,7) is lost in
the FBMSSM. This is shown in the upper plots of figure [[1. However, as the additional
contributions to b — sy from the imaginary part of C; can only enhance the branching
ratio, one still finds an upper bound on the zeros for a given value of BR(B — X,v). In
addition, in the lower plots of figure [[] we show the zeros ¢3(S4), ¢5(S5) and ¢3(Sg) against
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Figure 11: Correlation between the zeros of Sy, S5 and S§ with the b — sy branching ratio (upper
plots) and with the integrated asymmetry (A7) (lower plots) in the FBMSSM. The blue circles
correspond to the SM predictions. The orange triangles correspond to a FBMSSM scenario that
gives Sgx ¢ close to the central experimental value ~ 0.44.
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Figure 12: (A7) vs. Syi, (left plot), (A7) vs. Algg (centre plot) and (A7) vs. d. (right plot) in
the FBMSSM. The blue circles indicate the SM values, while the green diamonds, red squares and
orange triangles correspond to the scenarios FBMSSM;, FBMSSMy; and FBMSSMyyr, respectively.

the integrated asymmetry (A7). One observes that large effects in (A7) are correlated with
large shifts in the zeros towards lower values.

In order to identify signs in the CP asymmetries which are favoured in this model
one must include additional observables in the analysis. To this end we also investigate
the direct CP asymmetry in the b — sy decay Acp(b — s7), the electric dipole moments
of the electron and the neutron d. and d,, and the mixing induced CP asymmetry Syx.
We recall that in [69] striking correlations between these observables have been found. In
particular, the desire to explain the anomaly observed in Ssk¢ through the presence of
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Scenario | f |z | mYy | m% | m3 | 0% | 0% | 0% | 0% | 0% | 6%
LHT; 1000 | 0.5 | 565 | 1000 | 770 | 1.60 | 2.50 | 1.35 | 5.70 | 4.20 | 5.80
LHTy 1000 | 0.5 | 1000 | 375 | 425 | 1.50 | 1.00 | 4.75 | 4.25 | 0.60 | 2.85

Table 12: Parameters of the LHT scenarios LHT} 11 9% and 5%— are the parameters of the CKM-
like unitary mixing matrix for the mirror d quarks, mé; are the masses of the mirror quarks, f is
the high energy scale and xj, the mixing parameter of the SM top and the T-even top partner.

flavour conserving but CP-violating phases implied a positive Acp(b — s7), by an order of
magnitude larger than its SM tiny value and d,, d,, at least as large as 1072% e cm.

The left plot of figure [ shows the correlation between (A7) and Syr,. We find
that a value of Sy, ~ 0.44, as indicated by the present data [BJ], implies a positive
value for (A7) in the range [0.05,0.2] and then also a negative value for (Ag) in the range
[-0.11,—0.03]. In addition to the two scenarios discussed above, we have chosen also a
third scenario, FBMSSMiyy, indicated as orange triangle in the plots of figures [, [J] and [[3,
that gives Sy close to the experimental value. This scenario is shown in figures [d and [L(
as the orange bands and we find that while one still can get almost maximal effects in (A7)
and (Ag) the effects in Sy, S5 and S§ are much less pronounced.

In the centre plot of figure [L4 we report the correlation between (A7) and Acp(b — s7).
One observes that positive values for (A7) imply positive values for Acp(b — s7v) that can
reach values up to (6 — 7)%.

Finally, the right plot of figure [[J shows the correlation between (A7) and the EDM
of the electron, d. in the FBMSSM. We find that large values for (A7) necessarily require
large values for the electron EDM close to the current upper bound of 1.6 x 10727 e cm B4

6.3.3 LHT

We analyse the angular observables within the LHT by means of a global parameter scan
taking into account all relevant constraints from other flavour observables. As already
anticipated in ref. [5§], most NP effects in the observables considered here are found to
be small. In particular S§, the forward-backward asymmetry, turns out to be very close
to the SM. The same applies to all other CP-averaged angular coefficients and most CP
asymmetries. The largest effects relative to the SM are found in A7 and Ag as in the SM
their absolute values are at most 6 x 1072 and 5 x 1073, respectively. We consider two
scenarios, LHT| and LHT}y, with input parameters as given in table [3. In the left and
centre plot of figure [[J we show the corresponding asymmetries A7 and Ag as functions
of ¢*. The blue curves represent the SM. The green curves labelled LHT} correspond to
a LHT parameter point that gives the largest negative NP contribution to Im(Cy) and
Im(Chp), while the LHT; curves (red) give the largest positive contribution. Enhancement
of both asymmetries by a factor of three is possible for low values of ¢? with visible but
smaller effects for larger values of ¢2.

Still, these significant enhancements are one order of magnitude smaller than those
found in the FBMSSM. The reason why much larger effects in A7 and Ag are possible in
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Figure 13: Left and centre plot: CP asymmetries A7 and Ag in the SM (blue band) and the LHT
scenarios LHTy 1. Right plot: Correlation between the integrated asymmetries (A7) and (Asg) in
the LHT. The blue circle represents the SM, the green diamond scenario LHT| and the red square
scenario LHTy.

the latter model is that large NP contributions to the imaginary part of C7 are allowed,
comparable in magnitude to the SM contribution. In the LHT model NP contributions to
C7 are found to be very small [fg. As the effects in A7 and Ag are therefore dominantly
created by Im(Cy) and Im(C1g), the correlation between the integrated asymmetries (A7)
and (Ag) is completely different than that found in the FBMSSM (see the right-hand side
plots in figures [f and [[3).

As a side comment, in our numerical analysis we have used the formulae of ref. [§]
modified by the additional term found in ref. [7(J] which remove the UV cutoff dependent
terms in Cg and Cig. This modification decreases the two asymmetries by roughly a factor
of 2 to 3. Whether this is the final result for the LHT model remains to be seen as
the structure of the full heavy-fermion sector in the LHT model is rather involved and a
complete analysis is still lacking.

6.3.4 General MSSM

Due to the huge number of free parameters in the general MSSM, a comprehensive analysis
of this general framework is challenging. As a first step we therefore restrict ourselves to
a framework in which NP effects are created dominantly by complex contributions to the
Wilson coefficient C%. Such a situation can easily be achieved in the general MSSM if one
introduces flavour violating terms only in the left-right sector of the down squark mass.
In particular, a (5d)§2R mass insertion will mostly create contributions to C?, by means of
down squark — gluino loops, while at the same time leaving the other relevant Wilson
coefficients SM like.

Figure [14 shows possible effects in Sy, S5 and S§ that arise in this framework due to the
real part of C%, for two example scenarios, GMSSM; and GMSSMj;. In table [[3, we collect
the corresponding input parameters. Compared to the framework of the FBMSSM (see
figure [L(]), the shift in the zeros of these observables show a completely different pattern.
While the zero of S§ remains SM like, a positive shift in qg(S4) implies a negative shift in
q2(S5) and vice versa.
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Scenario |tan3|ma | mg |mg | mg |mp| Aa | Az | w0 || (Sa) 5 | Arg(64)5F
GMSSM;y 6 |520| 500 | 400 | 500 | 380 | 800 | 750|470| 0.01 —135°
GMSSMy | 5 | 7401|1000 | 460 | 1000 | 390 | 1500 | 440 | 200 | 0.03 60°

Table 13: Most relevant parameters of the two general MSSM scenarios with large C% as discussed
in the text. mp a universal soft mass for the right handed down squarks, Aﬂ( d) universal trilinear
couplings for the up (down) squarks and (64)% the left-right mass insertion that generates large ef-
fects in C%. Our conventions for the trilinear coupling are such that the left-right mixing entry in the

sbottom mass matrix is (m?) g = —mp(A; + p* tan 3). All massive parameters are given in GeV.
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Figure 14: The observables Sy, S5 and S§ in the SM (blue band) and two GMSSM scenarios with
large complex contributions to C7 as described in the text.
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Figure 15: Left and centre plot: CP asymmetries A7 and Ag in the SM (blue band) and two
general MSSM scenarios with large complex contributions to C%. Right plot: Correlation between
the integrated asymmetries (A7) and (Ag) in the framework of a general MSSM with large complex
C’%. The blue circle corresponds to the central SM value, while the green diamond represents
scenario GMSSM; and the red square scenario GMSSMy;.

Large imaginary parts of C7 lead to sizeable effects in the asymmetries A7 and Asg,
but again the pattern of these effects is different to that in the FBMSSM seen in figure [
As shown in figure [[5, a positive (negative) A7 implies also a positive (negative) Ag. In
particular the correlation plot in the right panel of figure [ is completely orthogonal to
the one in the FBMSSM (see figure f) and thus a clear distinction between these two
frameworks is possible.
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GMSSM; i1 with large complex contributions to C% as described in the text.
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Figure 17: Several observables in the SM (blue band) and two selected GMSSM scenarios that
show large non-standard behaviour. See text for details.

In addition a large complex C% also leads to large non-standard effects in the observ-
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ables S3 and Ag as shown in figure [[d. In fact, as already mentioned in section [p.2.1], effects
in S3 and Ag are characteristic for scenarios with large NP contributions to the primed
Wilson coefficients. The large effects in S3 are driven by the real part of C7 and directly
)

correspond to the large effects in the transverse asymmetry Ag? that have been anal-
ysed in [, 7, BJ]. Having analysed possible effects in a particular non-minimal flavour
violating MSSM framework we finally mention also the case of the general MSSM with
generic flavour violating soft terms. Instead of presenting an exhaustive discussion of this
framework, we concentrate on two specific scenarios that show effects that go beyond those
discussed in the above.

Among the Wilson coefficients that are relevant in the decay B — K*u*u~ the ones
that are most sensitive to NP effects arising from flavour violating down squark masses
are C7 and C}. In the plots of figure [[] we show a scenario GMSSMyy that corresponds
to large NP contributions to both C7 and C%. In contrast to the scenario with NP effects
dominantly in C’ discussed above, one observes e.g. sizeable effects in the zeros of S5 and
Sg while the zero in Sy is much less affected.

One possibility to generate large effects in the Wilson coefficient Cy in a supersym-
metric framework is through flavour violating entries in the left-right part of the up squark
mass [[6, [[9, BJ. Scenario GMSSMiy; in figure [[7] corresponds exactly to such a scenario
where in addition to large complex NP contributions to C7 and C%, Cjg also receives size-
able complex corrections through a (8,)% mass insertion. These curves show again a
qualitatively different behaviour in various observables. For example large effects in S3
and Ag can be observed, that however do not show a zero in contrast to the red curves

discussed above.

7. Summary and conclusions

In this paper we have analysed all angular observables in the rare decay B — K*(—
Km)u* = . They can be measured at the LHC and later at an upgraded Belle and a Super-B
facility. These angular observables can be expressed in terms of CP-conserving and CP-
violating quantities and offer new important tests of the SM and its extentions. To this end
we have improved on previous studies in a number of ways that have been listed in section [l

Having identified angular observables with small to moderate dependence on hadronic
quantities and large impact of NP we have analysed these observables first within the SM
and subsequently within a number of its extentions like models with MFV, the flavour-
blind MSSM with new flavour conserving, but CP-violating phases, the LHT model and
also within a general MSSM with generic flavour violating soft terms.

The main messages from this study are as follows:

e The most promising and complete set of observables in this channel are our S @ and

Af-a) defined in section fj.

)

e Our predictions for the CP-averaged angular coefficients SZ-(a in the SM are shown in

figure f|. Some of these SZ-(a) are found to be large.
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)

e On the other hand, as evident from figure [, the CP asymmetries AZ(-a are close to

zero in the SM.

e Our model independent study shows that pseudoscalar operators are numerically
irrelevant in the decay B — K*u™p~. On the other hand a study of the angular
distributions allows, in a way which is theoretically clean and complementary to
By — ptu~, to probe the scalar sector of a theory beyond the SM.

e As one expects, the Aga) are SM like in MFV models. On the other hand, some of

the SZ-(G), in particular Sy, S5 and S§ can show deviations from the SM as seen in
figures [ and f, where results in the MEV MSSM are shown.

e Probably the most interesting results are found in the FBMSSM, in which several
SZ-(a) and Aga) differ significantly, even by orders of magnitude from the SM results,
and there exists a number of striking correlations among the observables discussed
here and also correlations between A7 (and Ag) and Acp(b — sv) and Spr,. All

these results are shown in figures [ to [[3.

e In the LHT model only the CP asymmetries A; and Ag differ significantly from
the SM predictions, but these enhancements are smaller than found in the FBMSSM
model. This different pattern of effects could easily distinguish these two models.

e As expected, in a general MSSM, the very large space of parameters does not allow
for clear-cut conclusions. Almost all observables considered in the present paper can
significantly differ from the SM results and the pattern of deviations can differ from
those found in the FBMSSM and LHT models. This is illustrated in figures [[4] to [L7.
This should allow these three models to be distinguished from each other.

Clearly, it will be very exciting to monitor the upcoming LHC, Belle upgrade and
eventually Super-B factory in this and in the next decade to see whether the angular
observables discussed in our paper will give a hint for any of the extensions of the SM.
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A. Kinematics of four-body decays

In this appendix we collect some relevant results concerning the kinematics of the four-body
decay X — Y (— ab)Z(— cd). For an excellent discussion see ref. [87]. The translation
of the general results to the notation appropriate for the decay B — K*(— Km)utu™ is
given in table [[4]

The four-body phase space is 4 x 4-dimensional. The on-shell conditions of the final
states reduce this number to 4 x 3. Moreover, four-momentum conservation eliminates
further 4 degrees of freedom. Eventually, exploiting isotropic symmetry, one can fix the
three Euler angles and ends up with 5 physical degrees of freedom. It is customary and
convenient to express them by the following set of variables, introduced first in ref. [Bg] for
the decay KT — nrn~etw:

° mzb, the effective mass squared of the ab system, m, + mp < mgp < mx — me — mgy;

e m?2,, the effective mass squared of the cd system, m. +mg < meq < mx —mq — Mp;
note that mgp + meqg < mx;

e Oy, the angle of the particle a in the c.m. system of the particles a and b with respect
to the direction of flight of (a,b) in the Y rest system, 0 < fy < ;

e 07, the angle of the particle ¢ in the c.m. system of the particles ¢ and d with respect
to the direction of flight of (¢,d) in the Z rest system, 0 < 07 < ;

e Ox, the angle between the plane formed by the decay products (a,b) in the X rest
system and the corresponding plane of (¢,d), —m < Ox < 7.

It is convenient to combine the four-momenta p;, i = a,b, c,d, of the final-state particles
into the following symmetric and antisymmetric momenta:

Py = pa+pp, Qab = Pa — Db,
Pea = pc+ pa, Qecd = Pc — Pd -
The diparticle masses are then given by
2 2 2 2
Py =mgy,  Plg=mgq.

a Ci

Now we define the angles 0x, fy and 6, by

_’a ’ﬁc _)c ‘ﬁa
cosfy = —M, COSQZ:—M, (A.1)
‘Qab Pcd ‘ch Pab
(ﬁab X Cjab) X <ﬁcd X ch)
sinfx = — — — . (A.2)
PabXQab Pchch

It is important to note that the three-vectors in the above definition must be evaluated in
the respective rest frames of the particles X, Y and Z.
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With the above definitions, it is straightforward to express all remaining invariant
products of the four-vectors Py, P.q, Qu and Q.q in terms of the five variables 0x, Oy,
0z, mgb and mgd:

2
Paanb =My — My,

PypPeq = D,
2 2
mZ —m5 _ 2
PuyQeq = ——5—2p+ —5 00cqcos by,
Megq Meq
QabQab = 2(mj +mj) —mZ,
1
QabQcd = IR [(m2 - ml%)(m2 - m?l)ﬁ
MapMeq ¢ ‘
+2004(m?2 —m3) cos Oy
+200,4(m2 —m?) cos Oy

440 440 cqp cos Oy cos 0y

+40 40 cdMapMeq Sin By sin 6 cos Ox]

40040 cd

3 5 . . .
Eaﬁ“/(;P(;);)QabP;chd = sin @y sinfz sin fx .

MedMab

The remaining invariants can be obtained from the above by (ab) < (cd) and 0z < 6Oy
Here we use

1
L~ m3, —m).

— /P2 _ 2 2
0= p MapMeq s

B 1
Pab = §(m§b - mi - mg) )

el
Il

) 2
Oab = \/ Doy — MmEm;

and corresponding expressions with (ab) — (ed). Table [[4 provides the translation of the
general notations introduced above to the special case B — K*(— Km)utu™.

B. Form factors and QCD factorization

As we have seen in section P.d, the QCDF formulas for B — K*u*pu~ are expressed in
terms of two soft form factors £, ||, defined in eqgs. (2.29)-(2.2d), rather than the seven form
factors of section P.4, which implies certain relations between them, valid in the large energy
limit. These relations are the topic of this appendix and we shall demonstrate that they
are indeed fulfilled by light-cone sum rules (LCSRs) — both analytically and numerically.

Exploiting eq. (B:2§) for all 7 form factors, one can establish a number of relations
which are expected to be valid for K* energies E ~ O(my,) [[LT]:

= B.1
V(g?)  (mp+mg-)? oy
Tl(q2) :@Tz((f): mp 1+C¥5CF nm_%_L CYSCF@ AF| , (B.2)
V(g®) 2B V(¢?) mp+mg i | dm AE £1(¢%)
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general | B — Krutpu™

(ab) (rK)
(cd) (W)
Mab mg=
M vV
Ox ¢

Oy O+

0z 0,

o2 !
0 gd q45,%/ 4

o? A2 /4

P (k-q)

Table 14: Translation table between the variables of the general four-body decay X — Y (—
ab)Z(— cd) discussed in appendix [A] and the decay B — K*(— Km)u"p~. Note that mgp is fixed
to m -, which leads to an allowed range of ¢* of (2mu)2 < q® < (mp-— mK*)2. B, B, and A are

defined in section E

(mp +mg+)/(2E) Ai(¢*) — (mp — mg-+)/mp As(q?)

(mi+/E) Ao(q?) -
OéSCF OéSCF mB(mB — 2E) AFH
1+ —2+2L] — , (B3
S R 7 L Co/ TP T M
2\ 2 2 2 AF
(mp/2E) T5(q%) 2T3(q ) _ 1+asCF [lnm—é’ —2+4L] _asCp (@) [ _
(mg+/E)Ao(q?) Ar Iz dr \2E/ (E/mg-)¢§)(q%)
(B.4)
respectively. The abbreviations on the right hand side are defined as
2F 2F
L= = "y
82 fpfi. 1 o1 (u)
AF, = JB/K* ©
+ 3mB )\B /du 1—u ’
sr2fpfl, 1 o) (w)
AFj = ———= — [ d B.
I 3mp A / Y 1—u (B.5)

in terms of the twist-2 K* DAs ¢, || and the first inverse moment of the B meson DA, 1/Ap.
E, the K*’s energy, is related to ¢> by 2mpE = mQB — ¢? (terms in m%{* are neglected).
Numerical values of these parameters are given in table fj.

One requirement for the LCSRs is obviously that they fulfill the above relations, to the
required accuracy, i.e. in the large energy limit, and that the leading contributions to &, ()
come from transversal (longitudinal) DAs. The above relations imply in particular that

both A; and As must to leading order be given in terms of transversal DAs, while these
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contributions must cancel in the combination (mp+mg=)/(2E) Ay —(mp —mg=)/mp As.
As this is an important point, we write down the tree-level contributions to these sum
rules, and that for V, explicitly (@ =1 —u, up = (m3 — ¢*)/(s0 — ¢*)):

Ao(g?) = @ /M2 [fK*mb/ e ’"—r% [gv(u)+{1+u%} (@)}

+..], (B.6)
m2 /M2 1 m% uq2 1 [ ¢ ( )
A 2y _ mpeB / due™ am 2 J_* 2 J_ + X . Gy
1(q ) szfB(mB +mK*) ue w _fK (mb ) f mpympg= g (u)
+..], (B.7)
m?% /M?> 1 mi-ug® 1 T b1 ()
Ao (a?) — mpe B /d e L el (02 g2y 2L
2(q”) M2 fo(mp — mie) ue uM U _fK (my, — ug )—Zu

I —ug? d | ®(u)
— gl RS W] (B,
oMM mg 2 { +u du} + (B.8)

2 /M2 2 2
mp + mce my e/ /1 mp, g
V q2 = due TuM2 |:f *(bl
(@) . el o1 (0)

YRS RO fK*mme*

2(mb— 5 dciga(u)—i-...] (B.9)

The dots stand for terms with higher powers of mg+. All DAs multiplying f[((l) are lon-
gitudinal (transversal). Note that, as mentioned in section P.2, the suppression factor of
higher-twist terms is given by mymg+/(mi — ¢?), which indicates the break-down of the
expansion for ¢> — mg. Comparing the above formulas with (B.3) one finds that for =0
(E = mp/2) the terms in ¢, cancel exactly in the combination of A; and Ay and (B.3) is
reproduced up to terms in higher powers of my~ (which are neglected in the large energy
limit). For ¢ # 0, however, there appears to be a non-vanishing term in f I%*:

(mB —i—mK*)/(QE) A — (mB — mK*)/mB Ag

2 2 _
N mp emB/M /‘1du e_ 'mg;wuzqz i qu_(u) q2(m2—q2—u(m23—q2)) (B 10)
M5B Ju K 2mp(my — ¢*)u

At this point it is useful to recall that, ideally, if the continuum model was perfect and

all terms in the twist expansion were known, the LCSR would be independent of sy and
M?. In reality, LCSRs are non-trivial functions of both parameters and the form factors
are extracted within an interval of M? where the dependence on that parameter is small,
i.e. the sum rules are evaluated near an extremum in M?2, if such an extremum exists. In
ref. [R9] we have argued that the central value of form factors should be evaluated exactly at
the extremum. This implies that for both an ideal LCSR with completely known hadronic
spectral density p(u) and a realistic one with p(u) known to a certain accuracy in the
light-cone expansion one requires

1 m2 m27ﬂ 2

ﬁ / du eM_g_zbw—ﬂq p(u) =0
2

m a _ 2 = 2
— due i ZM; i — 4 p(u) =0. (B.11)
u
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Figure 18: Form factor ratios (B.1)) to (B.4), Lh.s. divided by r.h.s., calculated from LCSRs with
central values of input parameters. In the perfect heavy quark limit, all ratios equal 1. Left: form
factor ratios based on £, . Solid curve: (B.1), long dashes: (B.4) with T}/V, short dashes: (B.J)
with 75/V. Right: form factor ratios based on . Solid curve: (B.J), long dashes: (B.4). «, is
evaluated at the scale pu? = m% —m? = O(my).

As the integral must vanish, one finds that p(u) effectively equals (m? — ¢%)/(m% —
¢®) p(u)/u at and near the extremum. Hence the r.h.s. of (B.1() vanishes at the minimum
in M? if the Lh.s. is treated as LCSR in its own right and not as sum of two different
sum rules (with possibly different extrema in M? and different optimal values in sq). This
is also the reason why, in order to obtain values for A¢(0) and &, it is not useful to add
the numbers for the individual form factors A; and Ay obtained from LCSRs in ref. [B4].
Instead, the above combination of A; and A, has to be evaluated anew. We would like
to add that the cancellation of the contribution of ¢ to | can also be made manifest by
including the factor 1/E into the dispersion relation, using the above result that factors
um2B — mg + 1g? return zero under the integral if it is evaluated at the minimum in M?2.
One then can make the replacement
1 L m% — tg?

— 92 -
2E  mp mi— ¢
upon which the contribution in ¢, cancels explicitly so that

mp + Mg+ mp — Mg+ mg
— A - Ay =
2F ! mp T F

~ Ao+ O(aws) + ...

in the LCSR method. Again, the dots denote terms in higher powers of my«. Similar
analyses can be done for the other form factors ratios, for instance A;/V, eq. (B-1)). Making
again use of the fact that an additional factor u under the integral equals (m? —¢%)/(m% —
q?), one finds from (B.7) and (B.9) that (B.1)) is fulfilled to twist-2 accuracy, but also that
the ratio deviates from the r.h.s. of (B.1) at twist-3 level, i.e. at O(m+/my).

Turning to the O(as) corrections in (B.1) to (B.4), we can confirm that to twist-2
accuracy (B.I]) does not receive any such corrections: they cancel exactly between numer-
ator and denominator. Reproducing the O(ay) corrections in (B.9) to (B.4) is less trivial

and requires to explicitly perform the limit m; — oo of the integral over u. We refrain
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from doing this analysis explicitly, but refer to ref. [0J] where it was shown, for B — 7
transitions, that LCSRs fulfill the SCET relations also at O(as).

In figure [I§ we plot the form factor ratios as functions of ¢? for central values of the
input parameters, separately for ratios based on £ and those based on §|. All ratios include
the O(ay) corrections calculated in QCDF. We find that, overall, the QCDF predictions
are fulfilled by the full QCDF form factors from LCSRs at the level of 10% or better.
Nonetheless there is a considerable dependence of the §| ratios on ¢?. This is due to 1/my
corrections which are neglected in QCDF, but turn out to be, numerically, larger than
the factorizable O(«ay) corrections calculable in QCDF. As a consequence, we expect that
the transversity amplitudes A )z r of section B.3, and all angular observables built from
them, should be rather insensitive to 1/my corrections, i.e. corrections to QCDF, while
Aor,r, At, Ag and all corresponding angular variables will be affected by such corrections
to a larger degree.
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RECEIVED: May 11, 2009

Erratum

We discovered that our Standard Model predictions for the integrated CP asymmetries
in table 7 were incorrectly normalized with respect to their definition in equations (5.2)
and (5.12). We present here the corrected results and take the opportunity to present as
well the corresponding Standard Model predictions for the integrated CP-averaged angular
coefficients, in view of their interest to experiment.

Obs. [ 1072 x ... [ Obs. | 1072 x ... Obs. [ 1073 x ... | Obs. | 1073 x ...
(S) | 16.0%0¢ | (S5) | —14.2793 (A7) | 02707 | (4s) | —5.7508
(Sf) | 793598 | (S§) | 3.5%%7 (Af) | 6.3%0% | (45) | —4.510%
(S5) | 53705 | (Sr) | 48%47 (43) | —0.1%05 | (A7) | 34703
(S5) | =76.6707 | (Ss) | —1.5%0¢ (A5) | —6.1%0¢ | (As) | —2.6103
(S3) | —0.3%53 | (So) | 0.1757 (A3) | —0.1%01 | (o) | 01707
(Sa) | 101779 (Ag) | 15703 | (Acp) | 5.9%0%

Table 7: Predictions for the integrated CP-averaged angular coefficients (Sl-(a)> (in units of 107%)

and the integrated CP asymmetries <A§a)> (in units of 1073) in the SM. Note the different normal-
ization of the <A§a)> with respect to ref. [20], see footnote 8.
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