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General analysis of B — K®¢* ¢~ decays at low recoil
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We analyze the angular distributions of B — K*(— K#7)¢"€~ and B — K€" €~ decays in the region of
low hadronic recoil in a model-independent way by taking into account the complete set of dimension-six
operators [S'H][€I7¢]. We obtain several novel low-recoil observables with high sensitivity to
nonstandard-model Dirac structures, including CP asymmetries, which do not require flavor tagging.
The transversity observables H(Tl’3’4‘5) are found to be insensitive to hadronic matrix elements and their
uncertainties even when considering the complete set of operators. In the most general scenario we show
that the low recoil operator product expansion can be probed at the few-percent level using the angular
observable J;. Higher sensitivities are possible assuming no tensor contributions, specifically by testing
the low-recoil relation IH(TI)I = 1. We explicitly demonstrate the gain in reach of the low-recoil
observables in accessing the ratio |Cy/C,y| compared to the forward-backward asymmetry, and probing
CP-violating right-handed currents ImC;y. We give updated Standard Model predictions for key

observables in B — K®¢* €~ decays.

DOI: 10.1103/PhysRevD.87.034016

L. INTRODUCTION

Flavor changing neutral current (FCNC) decays of
beauty hadrons have a high sensitivity to new physics
(NP) since the corresponding Standard Model (SM)
contributions are loop and flavor suppressed. In addition,
the large value of the b-quark mass facilitates the control of
power corrections.

The large number of complementary observables and
the excellent accessibility at contemporary high energy
experiments, in particular for muons, highlights the exclu-
sive FCNC decays B — K*(— Kr)€" €~ . In the kinematic
region of low hadronic recoil, where the emitted K* is soft
in the B-rest frame, a local operator product expansion
(OPE) can be performed [1,2]. Together with the improved
Isgur-Wise relations [1,3,4], this results in a simple struc-
ture of the transversity decay amplitudes at leading order in
1/my, [4]

ALR o CLRf, i=L10, M

factorizing into universal short-distance coefficients CHR
and form factors f;. This feature allows one to extract
short-distance couplings without long-distance pollution,
and vice versa, as well as to test the performance of the
OPE [4,5].

The opposite kinematical region of large recoil has been
subjected to the question of optimized observables as well,
e.g., Refs. [6-13]. Several proposals exploit specifically
that QCD factorization (QCDF) [14,15] at leading order
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maintains universal short-distance coefficients for Aﬁ’R and
Aﬁ’R , while Eq. (1) is broken for i = 0 at lowest order, and

foralli=1,||, 0 at order 1/m,,.

The additional benefit of the low recoil region is the
strong parametric suppression of the subleading 1/m,,
corrections to the decay amplitudes at the order of a few
percent [1,4]. Together with an angular analysis [16] this
enables a rich flavor physics program, complementing the
large recoil region. One application is to extract form
factor ratios f;/f ; from data, as has recently been demon-
strated in Refs. [17,18].

The key questions addressed in this work are as follows:

(i) To which extent is Eq. (1) and its benefits preserved

in the presence of operators beyond the SM ones?

(i1) What are the optimal low recoil observables model

independently?

(iii)) What is their sensitivity to NP?

(iv) What is the sensitivity to potential corrections to the

OPE?

To answer the preceding questions, we perform a
most general, model-independent analysis of the decays
B — K*(— Km)€¢*¢~ and B — K€€~ . In terms of semi-
leptonic dimension-six operators [ST'h][€I"€] this concerns
the chirality-flipped partners of the SM ones, (pseudo)
scalar and tensor operators. We compute various decay
distributions and asymmetries.

The plan of the paper is as follows: The effective theory
including the operator basis is given in Sec. II. We present
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low recoil observables and relations from different opera-
tor sets in Secs. IIT and IV for B — K*(— Km)€* ¢~ and
B — K€€, respectively. In Sec. V we study the sensi-
tivity of the low recoil observables to even small NP
effects. The sensitivity to OPE corrections is worked out
in Sec. VI as well as a brief discussion of S-wave back-
grounds. We conclude in Sec. VII.

In several appendices we give formulas and subsidiary
information. In Appendix A we discuss the full angular
decay distribution in B — K*(— Km)€*€¢~ decays. In
Appendix B we present the angular observables in terms
of the transversity amplitudes for the complete set of semi-
leptonic |AB| = |AS| = 1 operators. In Appendix C we
detail the transversity amplitudes that parametrize the ten-
sor contribution to the matrix element. An update of the
SM predictions for the key observables in B — K*¢* ¢~
and B — K{¢* €~ decays is given in Appendix D.

II. THE EFFECTIVE HAMILTONIAN

Rare semileptonic |AB| = |AS| =1
described by an effective Hamiltonian

decays are

4G
How = =~ ZVaVi 2 30w, @

Here, G denotes Fermi’s constant and «, the fine struc-
ture constant, and unitarity of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix V has been used. The subleading
contribution proportional to V,;,V; has been neglected.

The renormalization scale w, which appears in the
short-distance couplings C; and the matrix elements of
the operators O;, is of the order of the b-quark mass. In
the following we suppress the dependence of the Wilson
coefficients C; on the scale u.

Inthe SM b — s€* €~ processes are mainly governed by
the operators O 19, which will be referred to as the SM
operator basis. Beyond the SM chirality-flipped ones
0791, collectively denoted here by SM’, may appear.
The SM and SM' operators are written as [6,8,19]

mp_
Oy = T[SO-MVPR(L)b]F,uw

Ooo) =[5y, P bI[€y* €], )
01000y = [EY/LPL(R)b][EYMY5€]'

Furthermore, we allow for scalar and pseudoscalar
operators, referred to as S and P,

Ogs) = [5Pra)b1€€], Op(pry = [5Pry b1 lyst],

“4)

which includes the chirality-flipped ones, as well as tensor
operators, referred to as T and 75,
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O, = Fiaﬂyb][EU“V€], 5)
Ors = = 650, b][{0 o 5]

[\

Note that @7’5 = [E(TM,,b][EO"“V’ysﬂ = @TE/Z [See
Eq. (C16)], as commonly used in the literature [19-21].

Current-current and QCD penguin operators 0,—¢, as
well as the chromomagnetic dipole operator Og, have to be
included for a consistent description of b — s€*{~
decays; for definition see Ref. [22]. The matrix elements
of O, g contribute to b — s + {y, g, €7€~} processes
via quark-loop effects. The latter are taken into account
by means of the effective Wilson coefficients C5 . The
effective Wilson coefficients are renormalization group
invariant up to higher orders in the strong coupling con-
stant a,. In the case of exclusive decays the 1/m,, correc-
tions in the large- and low-recoil region from QCDF
[14,15,19] or soft collinear effective theory [23,24] and
the low-recoil OPE [1,4,5], respectively, should be
included in the C¢. We evaluate @, at u = u, =
O(m,,), which takes into account most of the next-to lead-
ing order QED corrections [25,26].

L. B— K*¢*¢~ AT LOW RECOIL

We study B — K*(— K)€¢* €~ decays in the low recoil
region for a generalized operator basis and detail the
relevant observables and their relations. In Sec. III A we
give the results using SM operators only. In Secs. III B,
11 C, and III D we include either SM’, S, and P or T and T'5
operators, respectively. Interference effects are worked out
in Sec. III E.

The main results of this section are summarized in
Table I, where the low recoil relations between the observ-
ables and the amount of their violations is given. Our
results are based on the angular distribution presented in
Appendix A and the angular observables in Appendix B.

A. SM operators

The amplitude of the exclusive decays B — K*¢ €~
can be treated at low recoil using an OPE and further
matching onto heavy quark effective theory [1]. After
application of the improved Isgur-Wise relations [1], one
finds for the transversity amplitudes [4,5] [see also Eq. (1)],

AGf = —CHRfoy AT =+CRREL (6

The short-distance coefficients read
ChR(g?) = C55(q%) = Co, @)

2m,Mpg

C55(q*) = Co + K Cr + Y(gD), (8)

q2

where Y denotes the matrix elements of the 4-quark op-
erators; see Ref. [5] for details. Here, the matching correc-
tion k = 1 — 2a,/(3m) Inw/m;, + O(a?) arises from the
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TABLE 1.
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The low recoil relations in SM-like models (first row) and the leading terms that break them in SM extensions. A \s“’ denotes

at most corrections of order a,/m, and C;/(Com;). A (\s“') reminds one that up to the latter corrections H?‘S ) = 0. Here
0 = O(my, %) and Agp = Cgp — Cg p; for details see text.

Scenario [HV] =1 H? = HY 1Y = gY Joe =0 J;=0 Jgo =0
SM ®)
SM + (S + P) " Re(CroAY) ) % Re(CroAY) " Im(CroA)
SM + (T + T5) %p{ % Re(C10Crs)) MK Im(p ) % Re(C1oC7) % Im(CoC5s) Im(p?)
SM + SM/ J J J Im(p,)
All Yol Re(Crirs)Ajs)) e m(pl)  Re(CrasAps)  ImCrasAip)  Im(pd)

lowest order improved Isgur-Wise relations. Its u depen-
dence compensates the one of the dipole form factors 77 ; 5.

The term « C; in Eq. (8) involves uncertainties from
corrections at order 1/m;,. However, since generically
|Cg,10| > |C7| (1n the SM Cg = 42, ClO = _42, and C7 =
—0.3) the coefficient C* can be regarded as strongly short-
distance dominated, whereas CR yields only a numerically
subleading contribution to observables. It follows that the
subleading power corrections enter the amplitude at the
few percent level.

The form factors f;, also termed helicity form factors
[27], can be written in terms of the usual heavy-to-light
vector and axial-vector form factors V, A; , as [4]

2
fi_ Lv, i _ = V2(Mg + M)A,
N M, + Mg N
)
fo (M3 — Mz. — ¢*)(Mp + Mg-)?A; — /\Az
N DMy (My + Mg )NG?

The normalization factor N depends on the invariant mass
squared of the lepton pair, g2, and is given in Eq. (B21).
The kinematical factor A = A(M3, M%.,¢%) is given
in Eq. (C4).

The factorization into short-distance coefficients and
form factors, Eq. (6), allows one to identify suitable
combinations of the observables J; appearing in the angu-
lar distribution of B — K*(— Km)¢*€~; see Appendix A
for details. The angular observables depend on two
short-distance parameters p;, only,

4

— QL +13) =2p1f1, — 50 =20115

3B€ b 3 i 35 2 110
\/5
332 (205 = J3) = 2p1fj, 3,32 =2pifofI  (10)
2.2 2
Ny =4 L Ly, =4 ,
38, p2fofL 38,76 p2f1f L
where
(|CR|2 +|CL2) = [CH? + |Cyol%, (11

1
py = Z(|CR|2 |CH1?) = Re(CSCrp)- (12)
Note that J; g9 = 0 [4] and Jg. = O since neither S, P [8]
nor 7', T5 operators are present.
From Eq. (10) follow [4] the short- and long-distance
free ratio

2J
HY = V2, (13)

NN

as well as the long-distance free ratios

HY = Bils (14)
\/_2‘]20(2‘]25 + J3)
Jes
HY = BeJes (15)

21/(2J25)2 - J3

Here we point out a further nontrivial observable, which
does depend neither on form factors nor on short-distance
physics:

JooJ
H(lb) = _ Y2 Gs, 16
T 2J4J5 (16)

and which equals one. Note that this observable can be
obtained via H\") = HY /[HY H?]. However, by using
the definition Eq. (16) directly, different J; appear. This
offers additional advantages in the experimental extraction
from the angular distributions.

In addition, long-distance free CP asymmetries a(CIﬁ’3 )
can be formed, which are related to the CP asymmetry of
the decay rate, of the forward-backward asymmetry, and of
H(T2 ’3), respectively [5].

Furthermore, several short-distance free ratios of form
factors (9) can be obtained:

fo _N20s_—J _ N2 [ -
fio Jes V20 20— J3 V205 s

SN Y))
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fi_ \/st TR OL T e
i 20— I3 N '
—J
Jo_ [ T (19)

f1 2055 + J3

They allow one to extract information on form factors
directly from the data [17,18], providing a benchmark
test for form factor determinations such as from lattice
QCD.

To sum up, using SM-type operators only—which may
or may not receive contributions from beyond the SM—the
low recoil OPE predicts at leading order in 1/m,,

(1)
HT = H;-lb) =1 J7,8,9 = 0,
Sgn(fo) (20)
@ 3 P2
HY = HY =222,
P1

and the observable form factor ratios given in
Egs. (17)—(19). As already stressed the subleading power
corrections are parametrically suppressed and at the few
percent level.

B. Chirality-flipped operators
Taking into account the chirality flipped operators, the
universal structure of the transversity amplitudes (6) is
broken in part. One obtains in the (SM + SM’) model

Al = —CLRfo ),

ol AR = +ChRry, (21)

where
CLR(g%) = C56 —

Coly + (Cio — Croy), (22)

CiR(g?) = sl + CEff, 7 (Cio + Cigy), (23)

2mh B

Ceff

Sl (q%) = Co + & Cr+Y(). (24

Here CSll, is defined analogously to C5i1; i.e., Y’ denotes the

matrix element of the chirality-flipped 4-quark operators.
The angular observables J; in (SM + SM’) read

A h ) =202 v =207 F2
3/35 ! ‘ 3,8€ L
4J§
=5 (20 — J3) = 2p7 1 =2p1 fof s
3,8€ E2 3,3€ !

2 2
%—Js = 4Re(p2)fof 1, 38,

42 4
37,8%]8 = 4Im(p,)fof 1, - 37,8%

Jos = 4Re(p2) f1f 1,

Jo = 4Im(p,) f)1f 1L,

(25)
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where J; = 0 still holds and p; and p, have been gener-
alized to

pr = —(ICRI2 +ICEP), py= —(CR CR* — CL CL¥).

(26)

Switching off the chirality flipped operators one recovers
CL = CL = Cl (and analogously for L — R), such that
pi =pi = p1

In (SM + SM’), the asymmetries H(TZ'3), defined in
Egs. (14) and (15), read

H(Tz) _5 Re(p,) ’ H(T3) _5 Re(p,)

PPy PPy

27)

They remain long-distance free. Furthermore, the low
recoil predictions obtained in the SM basis
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FIG. 1 (color online). (a) H(')/sgn(fo) and (b) H(lb in the
large and low recoil regions, below and above the expenmentally
vetoed narrow charmonium backgrounds (vertical grey bands)
from B — J/W(— £T€7)K* and B — W/(— £T€)K*, respec-
tively. Shown are the SM prediction (blue solid) and the
(SM + SM') benchmark point (black dashed) with their respec-
tive uncertainty bands [darker (blue) and lighter (gold)], respec-
tively. See text for details.
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HY

@ _ B
Hy’ = Hy’,
sgn(fo)

=HY =1, J; =0,

(28)

remain intact.

In Fig. 1 we show H\" and H{""). While both equal one
at low recoil in SM + SM/, at large recoil both observables
exhibit a nontrivial ¢g*> dependence and depend on short-
and long-distance contributions. However, to lowest order

form factors drop out in H(T] ) (cf. Ref. [12]) and H<Tl " we
show the residual uncertainty from the form factors and
subleading 1/m, corrections by the shaded bands. The
SM is represented by the thin (blue) band, whereas the
lighter shaded (gold) one corresponds to a scenario with
Cro =CN, Cio = —Ci', Cy910=0. For numerical
input, see Appendix D.

Since in (SM + SM') Jgg # 0, two additional long-
distance free ratios

2J,
HY = : , (29)
‘\/_ZJZC(ZJZS + JS)

—J

HY = —2 (30)
\’ (2J2s)2 - J%
can be constructed. They obey

I

HY = 5P = 1mP2)_ 31)

yei el
We point out a further nontrivial observable, which

depends neither on form factors nor on short-distance
physics:

N Y
H)) =248 32)
J2CJ9
where in (SM + SM/)
HYO = 1. (33)

For H(Tlc) an analogous comment as on H(le) applies; see
text below Eq. (16).

The transverse asymmetries H(T2’3’4’5)
real and imaginary part of p,, written as

are driven by the

Re (py) = Re(C54C7y — C%/CTO/)’ (34
Im (pz) = Im(csgrcgfgﬁ - C]OCT(]I): (35)

where Im(p,) vanishes for C; = 0 including vanishing
chirality-flipped four-quark operators. Real-valued SM +
SM'’ Wilson coefficients can still induce somewhat sup-
pressed, finite values of H?’S) through the absorptive
contributions in the matrix elements of the four-quark

PHYSICAL REVIEW D 87, 034016 (2013)

operators Y and Y/, by Im(p,) = ReC{ImY’ —
ReCfl, ImY. Note that in the SM in the low recoil region
ImYqy ~ 0.2-0.3 [5]. In any case, H(T4’5) are null tests of
the SM. A SM background to right-handed currents arises
at higher order in the OPE including and counting m,/m,,
terms as such and enters H(T4 3) with additional parametric
suppression by a; or C;/Cq [1,2].

Combinations result in further useful observables that do
not depend on form factors either:

HY 205 HY 2 G36)
H(Tz) Be Js’ H(T3) Be Jos

Both equal Im(p,)/Re(p,) in (SM + SM/).

Since Jgo are naive 7-odd, these angular observables
give optimal access to CP violation in the presence of
small strong phases [7]. Since both Jgg are also CP odd,
H?’S) can be measured from B-meson samples without
tagging and give rise to a further long-distance-free CP
asymmetry defined as

V20— Jy)
\/*(JZL*]ZC)[Z(st +J55)+ (U3 +T3)]
_ Jo—Jo

\/4(125 +J2)2 = (J3+7T3)?

a¥ = ) (37)

for H(T4) and H(T5 ), respectively. Here, the barred quantities

are obtained by conjugating the weak phases. In terms of

the short-distance coefficients a(c41)3 reads

I o
a(cz;;) —» m(p,; — po) . (38)
Vi +51) - (or +p7)
The generalization of a(gl)g [5] is given by
R o
a(c31)> —» e(p2 — pa) (39)

Jior =50 (o + 1)

Because of the presence of p; and py, the general-
ization of the CP asymmetries a(Cl}, and a(czl)p leads to a

doubling

W+ _ P — Py 225

a
cP T, - CP
PT T Pi

SIS

(40)

4" [— 1+

+

S

In this case the CP asymmetry of the decay rate cannot be

related to any of the agf) and is not long-distance free.

However, from (25) it is straightforward to read off

strategies to relate the a(é‘ﬁ), k =1, 2 to the J;. In particu-

lar, a(cl;;)

can be extracted from ratios involving J,.,
2J55 — J3), J4, whereas a(é;;r) requires (2J,, + J3). In
analogy to Eq. (2.37) of Ref. [5], the set b has to be

restricted to b = {1, 3,4} for a%%, ) and to b = 2 for a'%,".
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In (SM + SM') short-distance free ratios of angular
observables J; exist for fo/f) as given in Eq. (17), and
additionally

fo _V2J
i —Jo

Because of (2J,, + J3) < p{", however, no short-distance
free ratios can be formed that involve f,. Hence, the

(41)

observables F; and A(T2’3) are no longer short-distance
free [4] either,

pif3
F, = — , 42)
LB el
+ 2 =2 —
A(z)zplfj_ p1f|| 3) _ p_lﬂ (43)
Tl e st T el fL

and the method used in Ref. [17] to extract form factor
ratios would yield y/p; /p{ (f)/f1). With current data the

correction factor is within 0.7 = ‘/pf/pr =1l4at2o.
Furthermore, we obtain the relation in (SM + SM')

AP =1 = AP)/(1 + D), (44)
which can be checked experimentally.

C. Scalar and pseudoscalar operators

The (S + P) operators modify the angular observables
J1c5,6c7 only. The respective NP contributions are driven
by A¢Agp, where A, denotes the B — K™ axial-vector
form factor and Agp =Csp — Cgy pr. We find that Jy,
only receives generically unsuppressed contributions,

3 A
ch == Eplf(z) + 3N2(|A5|2 + |Ap|2)—2A(2)
U
+ Om3/q*, mg/my). (45)

Helicity-suppressed ( ~ m,/ \/c?_) contributions from
interference terms SM X § arise in Js . 7. For the explicit
expressions see Appendix B.

We find that in the presence of (S + P) operators the low
recoil relations
HY =1, HY =1+ @(ﬂ) HY = HY,

Va?
(46)
hold, and H(T3 45 remain long-distance free. Since Jgg

vanish in the considered scenario, Hg) = H(TS) =0, and
H') is ill-defined as in the SM-like scenario.

PHYSICAL REVIEW D 87, 034016 (2013)

The helicity-suppressed contributions to J5 break the
relation H(Tz) = H(T3) at O(my/\/g%) through a finite Ag.

In this case Hgg) ceases to be free of form factors, and
rather depends on A,/ f,. Moreover, the relation J; = 0 is

broken at O(m,/+/¢?) if there is additionally CP violation
beyond the SM. With the exception of using Js, the ratio
fo/f) can be extracted by means of the methods proposed
in Egs. (17) and (41).

The (pseudo)scalar contributions to J;, break the rela-
tion J;. = —J,,, valid only in the (SM + SM’) basis for
my — 0; see also Appendix B. At the same time, contri-
butions to the longitudinal polarization F; of K* mesons
are induced; see Eq. (A9). These contributions prohibit that
F; and Agg, the lepton forward-backward asymmetry,
can be extracted simultaneously from a fit to Eq. (A11),
the angular distribution in cosf,. Note that F; and
Fr=1-—F; can be extracted from Eq. (AS8), the
distribution in cosfg, in a model-independent way.
Discrepancies between the extracted values of F; y from
Egs. (A8) and (A1l) would indicate physics beyond the
SM. (We assume here that S-wave contributions from B —
K€" ¢~ have been removed from the data; see Sec. VIB.)
Note also that interference terms (SM + SM’) X S contrib-
ute to Agg via Jg,. because of (A7).

D. Tensor operators

The tensor operators (7 + T5) give rise to additional
tensor transversity amplitudes A;;. Here the labels i and j
denote the transversity state ¢, L , ||, O of the polarization
vectors that comprise the rank-two polarization tensor that
was used in the computation. We obtain for pairs (|| L, 70),
(0L,¢L), (01, ¢l the total angular momenta J = 0, 1, 2,
respectively. For the definition of the transversity ampli-
tudes and their general results, see Appendix C and
Egs. (B18)—(B20), respectively.

At low recoil, after application of the improved Isgur-
Wise relations, we obtain

2K

AL =Crrs
I
V2

2k
Ai1oL = Crrs —Z(MB + Mg)f 1, 47)
N

V2K

Aol = Crrs ﬁ(MB — Mg fj.

(Mg + Mg+)fo,

In the presence of tensor operators 7 and 7’5 in addition
to (SM + SM’) the angular observables J; receive
(i) contributions that do not interfere with other operators
inJyg 1625203489, and (ii) helicitiy-suppressed interference
contributions in Ji | 5,65 6c7 from the additional six trans-
versity amplitudes A1 ,1 401,01 We find
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8

§J1s =[3pf +pl(1+ MK*)Z]fi

_ ~ ne
+Bpr + (=M1 + 0(15),
Vg
4 _ ~ mg
g']lc =2[p; +pi(1+ MK*)2]f% + @<ﬁ)’

4 . N
—2(2JQs *J3) = 2[p1_ - plT(l * MK*)Z]fi I
3B; '

4 B .
a2 = 2[p; — PlT(l + MK*)Z]f(Z),
3B;

N2 e
3—,8%14—2[01 pi(1—=My)1fof)s 48)

24/2
V2 aRe(pa)fof L+ @(ﬂ),

38¢ Vg
%J(,S =4Re(p)f)1f L + @<&n—qiz)

Joor = @(j—q%)
% Jy=4Imlp, — pl(1+ M P1fof 1.

4 N
_373%]9 =4Im[p, — pI(1 — M%)1fyf L.

Here, My = My-/Mp, and the additional short-distance
combinations read

T — 2M123 2 2
P = 16k —2(|CT| + |CT5| ),
4 (49)

M2 ,
pg = 16K2 q_ZBCTCTS'

Without tensor operators the ratio H (Tl ) is free of short- and
long-distance contributions. In the presence of the tensor
operators we obtain

(1) _ T 2PfP1T 2
Hy' = sgn(fo)sgn(p; — pi)| 1 + ———F5 My
(Pl Pl)

+ O(M*%.) (50)

and form factors still cancel. Deviations from IH(TI)I =1
arise at O(M2.), while in H(le‘lc) the suppression is only
linear in M x-- For instance,

207 R
%{)T My + O(M%). (51)
1

H(le)=1—p
1

We further find that in scenarios with tensor operators
H(T3’4’5) remain free of hadronic form factors, and the
relations H/HY =1 and HY/HY =1 hold up to
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TABLE II. The low recoil observables H(Ti), and the degree to
which they remain free of hadronic input. A | denotes at most
corrections of order a,;/m, and C;/(Cym,;), while A, denotes
breaking through terms involving the corresponding B — K*
form factor. Observables marked with “—" vanish in the con-
sidered scenario.

Scenario HY HY aY HY HY
SM J J J - =
SM + (S + P) J Ao J _ _
SM + (T + T5) J / J J J
SM + SM’ J J J / J
all J Ap J J J

helicity-suppressed and kinematically suppressed terms,
respectively; see Tables I and II.

The relation J;, + J,,. = 0, valid in the (SM + SM’) for
m¢ — 0, is broken by pT,

A m
Jie ¥ Joe =3pT(1 + M) f3 + @(—‘5) (52)

Va?

E. Interference between operator sets

When considering the complete set of |AB| = |AS| = 1
semileptonic operators, all of the previously presented low
recoil relations are broken at some level, which can, how-
ever, be parametrically suppressed and small. For instance,
the relations H(Tz) / H(T3 )= 1and J; = 0 are broken at lead-
ing order by the simultaneous presence of tensors and
scalars only, while H? )/ H(T5 ) =1 remains intact up to
O(Mg-)-suppressed terms; see Table I for an overview.

The angular observables J,., J5, Je., and J; receive
contributions from (pseudo)scalar operators involving the
form factor Ay; see Sec. IIIC. These terms modify the
otherwise general structure

Jo = pififr- (53)

Corrections to J;. arise from operators S and P, while Js,
Jeo» and J; are modified by interferences of S and P with
tensor operators.

Since the angular observables Jy;,.346s589 Obey
Eq. (53), it follows that H(TL3’4’5) remain free of hadronic
inputs in the complete operator basis. Our findings are
summarized in Table II.

IV. B— K¢*¢~ AT LOW RECOIL

The decay B — K€*{¢~ is another accessible FCNC
channel, which depends on the Wilson coefficients in a
complementary way to B — K*¢*{~. The angular distri-
bution of B — K€€~ can be written as
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arrk

— =g+ bcosb; + ccos?b,, 54
dq?d cosb, ¢ ¢ (>4)

where the angle 6, is defined as in B — K*¢" €~ decays;
see Appendix A. The g*>-dependent coefficients a, b, and ¢
are related to the decay rate, the lepton forward-backward
asymmetry, AK;, and the flat term, Fy, as follows [19]:
dark b
—— =2(a + ¢/3), Ak, = ———
2(a + ¢)
dr'/dq* "

Here we label the B— K{¢*{¢~ decay rate and forward-
backward asymmetry by a superscript “K”’ to distinguish
them from the ones in B — K*¢* €~ decays.

Similar to B — K*¢* ¢~ the low recoil OPE and the
Isgur-Wise relations can be applied, allowing one to trade
the B — K tensor form factor f; for the vector one f
[2,28]. We obtain for the extended operator basis at low
recoil to leading order in 1/m,,

4a

FH:

—p* fo J0 ps+py My %79 ﬂf_% PX10
WA PRt T, JiL
(56)
b = pSXT+PXTS +ﬂprsx10
Loro(M% — M%) f 1 fo \/?
+ e pS><79, (57)
ny mg
4c
- - _ 57t + T
NI o9

where Ay = A(M3, M%, ¢*) and
q*(Mj — M§)*

S+P —
p _——
(mb - ms)z/\O

(ICs + Cgl* + ICp + Cp/|?),
(59)

PX10 — Vo' (Mj — M)’
p = —
(my, — my) Ao

X 4Re[(Cp + Cp)(Cip + Ci9)*],  (60)

M3
pI>70 = 16Kq—B Re[Cr(C55 + %’) It 61

Mp
my — mg

X Re[(CS + CS’)C*T + (Cp + CPI)C*TS]’ (62)

PSXTHPXTS = 9

pT5><10 = 4K% Re[(CIO + CIO')C;S]’ (63)

Vg
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P77 = Rel(Cs + Co)(C5 + 5L (64

Here we have neglected terms suppressed by m; 2/M3%, but

kept those proportional to m/ V¢*. The form factor £ and
the scalar one fj, as well as the normalization I',, are
defined in Refs. [19,28], whereas pfr and plT have been
introduced in Sec. III.

In the scenario (SM + SM’) the differential decay rate,

drx VAo®
d—q2 = FOTJ%PT, (65)
yields a complementary constraint on p;". The CP asym-
metry of the rate, A.p, turns out to be free of long distance
uncertainties, as f cancels, and the CP asymmetries

AcplB— K€ 1=alP[B— K€ €], (66)

in B— K¢*¢~ and B— K*¢* ¢ decays are identical at
low recoil; see Eq. (40). The equality Eq. (66) allows one to
measure CP violation with the combined, larger data set. If
the CP asymmetries turn out to be not equal, it would
imply contributions from outside of (SM + SM/).

Furthermore, the decay B — K{€* €~ provides with F, a
powerful observable, which exhibits sensitivity to (S + P)
and (T + T5) operators, whereas the (SM + SM’) contri-
butions are suppressed by m?/q* [19],

2
pl + 78 pSt?
+

3
Fy = 3 + O(m¢/Mpg). (67)

fZ
pi +3pi +3p%F

While the terms of O(m,/Mp) in the denominator might be
safely neglected in view of the numerically leading term
p1, they could become of some relevance in the numerator
of Fy if pI and/or p5*F are small and the interference of
Cr and/or Cpo with the large (SM + SM’) contributions
can overcome the lepton mass suppression.

The importance of the flat term in SM tests and NP
searches becomes manifest from Eq. (67) since Fy is given
directly by the magnitude of scalar and tensor Wilson
coefficients, and second it depends only on form factor
ratios rather than the form factors themselves. For tensor
contributions, this residual dependence drops out and F is
free of hadronic uncertainties.

On the other hand, in Af; either tensor and (pseudo)
scalar operators need to be simultaneously present or their
contributions are lepton-mass suppressed, such as the in-
terference terms between SM(’) and T, T5, S, and P.
Moreover, AE; depends on the ratio of form factors
fo/f+. We obtain

3(1‘4129 _ M%() fO pS><T+P><T5

AR, =
FB 1//\O f+ p+ + lpl +3;0 pS+P

+ O(m¢/Mp). (68)
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V. SENSITIVITY TO NEW PHYSICS

The fact that no order one NP signals have been observed
in (semi)leptonic |AB| = 1 processes to date suggests that
NP effects with the exception of null tests are suppressed
with respect to the SM contributions. Good control of
theoretical uncertainties is therefore crucial to progress.

Here we study the sensitivity of B— K*¢T€~
observables at low recoil. We demonstrate the advantages
of the optimized low recoil observables H (Ti) and related CP
asymmetries. For numerical input, see Appendix D.

We begin studying the sensitivity of H(TZ’3) versus Agg to
Cy 19 within the SM operator basis, where [4]

HPY =272, (69)
P1
P2 f1fi

Apgp =3— ——"""——, (70)

T (R

and

P2 r Cg
T T ==, 71
P1 1+ |r|2 4 CIO ( )

and rgyy = —1.03 = 0.03.

In Fig. 2 we show H(TM) and Apg integrated in the low
recoil bin  14.18 GeV? = ¢?> = 19.21 GeV?  versus
|Co/Cipl and normalized to their SM values within
their respective theory uncertainties. As can be seen, a
hypothetical measurement of Apg as good as (90 % 5)%
(horizontal dashed black lines) would not be able to dis-
tinguish the SM from NP, because of the theory uncer-
tainty. The latter is dominated by the one of the form
factors, which only partially cancel within Agg. Given
our current understanding of the B — K™ form factors, an

B

1.2

0.6

App mmmm [(2%)
\

;
0.5 0.75 1 1.25 1.5 1.75 2
[Co/Crol

FIG. 2 (color online). The sensitivity of Apg (wide darker
(blue) shaded band) and H(Tz’3) (thin lighter (gold) shaded
band) to |Cy/C,o| normalized to their respective SM values and
in the low recoil bin 14.18 GeV? =< ¢? = 19.21 GeV?. The
dashed horizontal black lines indicate hypothetical measure-
ments at (90 * 5)%, while the vertical green band shows
|C9/CIO| in the SM.

PHYSICAL REVIEW D 87, 034016 (2013)

experimental determination of Agg in the low recoil region
that strives to indicate NP must exclude values larger than
0.85 X APM and lower than 1.18 X AZN. On the other hand,

the (90 £ 5)% measurement in H(T2) or H(Tg’ ) would suffice
to establish NP because of the small, subpercent level
theoretical uncertainty [4]. An advanced few percent-level
measurement would probe |Cy/Co| up to a discrete ambi-
guity at a similar, few percent level.

In Fig. 3 we show the g’-integrated observables
Ain/Arg = Jo/Jgs, alh, —AP, and — A, for 14.18 GeV? =
g* = 19.21 GeV2. For the definition of AP, Ao, see
Ref. [7]. All observables are shown as functions of the
(imaginary part of the) NP coupling Im(C,(y). All other NP
Wilson coefficients including Re(C;(y) are assumed to be
zero. Since the observables are odd functions of Im(C; /) to
a very high degree, the values for Im(C;y) <0 are not
shown.

We find that A;,,/Apg as well as a(ég, are better suited to
probe small values of Im(C,y) because of their steeper
slope and smaller relative theoretical uncertainties.
Approximately [see Eq. (A2) for () notation],

(APY = (+0.061 * 0.008)Im(Cyy), (72)

(Ag) = (+0.10 + 0.02)Im(C;¢), (73)
(Aim)/{Apg) = (—0.140 = 0.004)Im(C, (), (74)
(a®)y = (—0.240 * 0.005)Im(C,y), (75)

where we estimated the theory uncertainty from residual
1/m,, corrections and form factors similar to Ref. [5]. Note
that both A;,, and Arg have been separately measured by
CDF in two low recoil bins [29]. Because of the current
experimental uncertainties and the absence of information
on the correlation of the individual errors, we refrain from
calculating the ratio.

0.0

-0.1

-0.2

-0.3

X(ImCyr)

-0.4

-0.5

06 a(C‘lF)’ %F*g — —Ay mmmmm —AP mm
U T T T T T T T

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
ImCyqr

FIG. 3 (color online). The sensitivity of a'’h, Ay/Apg, —Ao,
and —AY (from bottom to top) to Im(C,y) in the low recoil bin
14.18 GeV? = ¢ = 19.21 GeV?2. All other NP couplings in-
cluding Re(C,() are set to zero.
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VI. PROBING THE OPE

The relations between the low recoil observables can be
used to quantitatively test the performance of the OPE.
We employ the following ansatz:

AER o CLRF(1 + €)), i=11l0. (76)
Here the terms €; parametrize effects beyond Eq. (1) to
each transversity state. These include higher order power
corrections or contributions from even beyond the OPE
such as duality violation. There are no separate corrections
for the left- and right-handed lepton chiralities as the
photon current as a mediator of the considered effects
couples vectorlike. Although not explicitly written, the €;
are in general ¢> dependent. Our ansatz parametrizes the
most general situation within the SM, neglecting lepton
mass corrections of order m?/q>.

The generic size of the subleading 1/m,; corrections
imply €; of the order a;A/m,, or C;/CyA/m,, about few
percent. This is taken into account in current uncertainty
budgets [5]. It is therefore desirable to have sensitivity to
corrections at the (few) percent level. On the other hand, it
is hard to quantify duality violation. While in a toy model
duality violating contributions have been estimated to be
very small [2], it is nevertheless useful to have experimen-
tal checks.

We find that the corrections enter the short-distance and
form factor free relations quadratically

2
(1b) HY

%ﬁHHT
s b (3)
HT

}=1+@@a 77

and the form factor ratios f;/f} linearly. The null tests
depend linearly on the imaginary parts

J789 = O(Im(e)), (78)

while the real parts enter at second order only. Note that the
corrections Eq. (77) vanish for Im(e;) = 0 since for all ¢;
real the ansatz Eq. (76) would correspond to a mere rescal-
ing of the form factors."

The double suppression in Eq. (77) makes these observ-
ables sensitive to somewhat sizable effects only or requires
high experimental precision: For € ~ 30(10)% the correc-
tion amounts to about 10(1)%. On the other hand, the
respective background from the SM OPE is at the permille
level.

Because of the linear dependence and the generic
appearance of unsuppressed strong phases in the nonper-
turbative regime, we find that the null tests Eq. (78) have
potentially higher sensitivity to OPE corrections. Up to
O(€?) corrections

'We thank the unknown referee for emphasizing this point.
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J§ = =3\2Bpafof Im(ey — €)), (79)
3

Jg = mﬂ%mfofllm(eo —€1), (80)
3

J§ = 53%91f||fﬂm(6l — €. (81)

All coefficients in front of the imaginary parts are para-
metrically unsuppressed in the angular distribution.

We investigate corrections from NP in Sec. VI A and
comment on an experimental background from K7 in an S
wave with invariant mass around the K*(892) mass in
Sec. VIB.

A. NP pollution

As summarized in Table I, beyond the SM deviations

from IH(Tl ) | = 1 arise from tensor operators only. Here we
estimate their contributions allowing for complex Wilson
coefficients. The currently strongest constraints stem from
B — K€€ decays, discussed in Sec. IV. We employ the
recent LHCb measurements [30] of the branching ratio and
the flat term Fy Eq. (67), combined with branching ratio
measurements from Belle [31], BABAR [32], and CDF
[33]. In the scenario (T + T5 + SM + SM’) we find at
95% C.L.

ICr? + |Cys]? < 0.5. (82)

The bound is dominated by the LHCb measurement of the
two highest g> bins of Fj. We recall that in Fy the form
factor uncertainties drop out at leading order in this kine-
matic regime.

The outcome of our scan leading to Eq. (82) is shown in
Fig. 4. Values of both |C;|, |Cys| near zero are disfavored at

0.8 Il Il 1
95% CL
68% CL

0.6 e

0.4 - e —

|CTs]

0 0.2 0.4 0.6 0.8
|Cr|

FIG. 4 (color online). The constraints on |Cr| and |Crs| from
B — K€* €~ low recoil data at 68% C.L. (inner gold area) and
95% C.L. (outer blue areas).
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68% C.L. This follows from the current low recoil data on
Fy [30], which have central values at ~10 above the SM.
Using Egs. (49), (50), and (82) we obtain

IIHY] = 1] < 0.08. (83)

Scalar and pseudoscalar operators contribute predomi-
nantly constructively to Fj, such that they do not invali-
date an upper bound on the tensor contributions.

The relation H(T2 ) /H(T3 ) =1 receives corrections by the
simultaneous presence of tensor and scalar operators; see
Table 1. The latter are constrained by B, — u™ ™~ decays.
Assuming that the branching ratio B(B, — u™u™) is
saturated by scalar operators O, we find [Ag| < 0.59
from the most recent upper bound B(B, — utu™) <
42 % 1072 at 95% C.L. [34]. For this bound we also
consider B,-B; mixing effects pointed out in Ref. [35],
allowing for A r = —1, and use y, = 0.088 + 0.014. In
combination with the bounds on the tensor couplings we
obtain

f14o

|HP/HY — 1] = 0.12 GeV x NZI=2 ~ 0.06.  (84)
f1fo

Subleading effects from scalar operators alone are
suppressed by m,/Q and do not exceed the percent level
for muons.

The relation J; = 0 receives corrections from NP with
m¢/Q suppression, or it requires tensor contributions. To
estimate the sensitivity to OPE corrections versus NP, we
compare the respective contributions

AP VA Im(CrAf + CrsAp)  Aof L

=~ =7 N , (85

J5 Ji?&  pdmleg =€) fofy ®
0.04

= (=) "

We learn that J; probes the OPE as good as at the few
percent level, before tensor-induced contributions can keep
up. NP contributions to J; from scalar operators interfering
with the SM are suppressed by m,/Q, which do not exceed
the percent level for muons.

We further find that both Jg and Jy are more sensitive to
NP than J;, with similar sensitivities given as

g . 2Im(p; — p3) 87)
J§  pidm(ey —€1)’
AP ~2imip, — pb)

-~ = = (88)
J§ piIm(e; — ¢))

both of which are generically order one in the presence of
order one CP phases [see Eq. (35)], unless the €; are O(1)
or larger. We conclude that Jg and Jy are likely to probe CP
violating right-handed currents or tensors.

PHYSICAL REVIEW D 87, 034016 (2013)

In general tensor operators are absent or small in most
models; they arise, e.g., from box-type matching condi-
tions, can contribute to Wilson coefficients of dipole op-
erators via renormalization group mixing [36,37], or can
arise in models with FCNC at tree level, such as those with
leptoquarks, as discussed in Ref. [19]. In this respect the
OPE-based predictions of the short-distance independence

of H(Tl), H(TZ)/HG), and J; are very clean.

B. S-wave pollution

We discuss the impact of the experimental background
from K7 in an S wave on the B — K*(— Km){*¢~
angular analysis, recently addressed in Refs. [38-40] for
the low g? region.

The resonant spin zero K7 contributions barely affect
the low recoil region as the masses of the well estab-
lished scalar kaons, notably K;(1430), cause their kine-
matical end point g2, = 15 GeV? to barely overlap
with the low recoil bin ¢> = (14-15) GeV? [38]. In
addition, there is already phase space suppression

o« )1(3)/ * below the end point. A nonresonant contribution
with invariant mass around mg- is, however, not sup-
pressed by these arguments and can affect the required
precision extraction of the angular observables J; [40]
for SM or OPE tests.

Fortunately all S-wave backgrounds can be controlled
experimentally. The effect of an underlying spin zero
component in the B — K*(— Km)€* €~ angular distribu-
tion Eq. (A1) can be parametrized as follows:

(i) The J; for i =3, 6, 9 do not receive S-wave

contributions.

(ii) The terms [J;sin26k] for i = 4, 5,7, 8 in Eq. (Al)
need to be replaced by [J; sin26 + J;sinfx]. The
J; denote interference terms; because of their differ-
ent angular dependence they can be isolated.

(iii) The terms [J;sin?@x + J;.cos*0] for i = 1, 2 in
Eq. (Al) need to be replaced by [(J; +
Ji)sin?0x + (J;o + J;)cos?0x + J;,. cosfx]. The
interference terms J;,, can be identified by angular
analysis. The J;;, J;, stem from S waves only and
can be measured at invariant K7 masses outside of
the K*(892) peak, where the J;, J;. can be
neglected.

Note that all J; depend in general on g?; they incorporate
resonant and nonresonant scalar contributions.

Procedure (iii) is required for all H (Tk) as well as observ-
ables that are normalized to the rate. The accuracy to which
the J,,, i=1, 2,x =1+, ¢ can be measured limits the
experimental precision on the J;,. Note that J; g9 and the
observables given in Eq. (36) can be extracted without
sideband measurements. Jy and the second observable in
Eq. (36), which is proportional to Jy/Js,, do not receive
contributions from S waves at all.
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VII. CONCLUSIONS

We analyze B — K*(— Km){¢*¢~ and B— K€€~
decays, £ = e, w, at low hadronic recoil in the most
general basis of semileptonic dimension-six effective
couplings. We investigate to which extent the beneficial
features obtained from angular analysis and the OPE in the
SM-like operator basis hold. We find the following:

The transversity observables H(i), i=1,3,4, 5 remain
in the general case free of hadronic matrix elements and are

clean tests of the SM and beyond; for H(z) this is true
if contributions from scalar operators are ignored
(see Table II).

The form factor ratio f,/f) can be extracted by means of
Egs. (17) and (41), excluding methods based on J5 if scalar
operators are present. If no chirality-flipped operators con-
tribute, the ratios Egs. (18) and (19) allow for a short-
distance free extraction of form factor ratios involving
f1- (There is a residual short-distance dependence from
tensor operators, which, however, is Mg+ / M g suppressed.)

The low recoil relations among the HT and J759 =0
receive corrections from both NP (see Table I) and con-
tributions beyond the leading order OPE Eq. (1), as given
in Eq. (76) and discussed in Sec. VI. Our analysis shows
that with the present |[AB| = |AS| = 1 constraints J; has
model independently the highest sensitivity to the latter
corrections at the percent level, before a potential NP
background kicks in. The sensitivity in |[H\’| =1 to
OPE corrections becomes comparable or better if tensor
operators are ignored. The interplay of constraints will

8_77 a‘T
3 dqg*dcosfdcosOxded
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evolve with future rare decay measurements, and the actual
sensitivity to the OPE can increase.

The observables Jg ¢ are sensitive to CP violating tensor
and chirality-flipped contributions. We suggest to explore
such scenarios with the observables H; “3) and the respec-

tive CP- and T-odd CP asymmetry aCP, all of which
vanish in the SM-like basis. Further null tests are the ratios
Eq. (36). Note that one of the latter, Jo/Js, = Ai,/Agg, has
already been experimentally accessed [29].

Our findings are of direct use to the high statistics studies
at the LHC(b) experiments and forthcoming high luminos-
ity flavor factories. We look forward to this application and
future data.
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APPENDIX A: ANGULAR DISTRIBUTION

The differential decay rate of B — K*(— K)¢* €~ can,
after summing over the lepton spins, assuming an on-shell
K* of narrow width, and integrating over the K 77-invariant
mass, be written as

= (Jy, + Jo, 0820, + Jg, cos0,)sinOx + (J;, + Jo. c0820; + Jo. cOs8y)cos> O

+ (J3¢082¢p + Jo sin2¢)sin?Ogsin0, + (J4cosd + Jgsing) sin20x sin26,

+ (J5cos¢ + J; sing) sin260x sinf,,

with 12 angular coefficients J; = J;(¢?) times the angular
dependence. The angles are defined as (i) the angle 6,
between €~ and B in the (£7€7) center of mass system
(cms), (ii) the angle #x between K~ and B in the (K~ 7)
cms, and (iii) the angle ¢ between the two decay planes
spanned by the 3-momenta of the (K~ 7") and (€7€")
systems, respectively, [6-8,16].

Within the (SM + SM') operator basis holds Jg. = 0. A
nonvanishing Jg,. arises only from interference between the
operator sets (SM + SM’) and S [8], (SM + SM’) and T,
and P and T [21]. The explicit expressions of the J; are
given in Appendix B.

We denote by

) = j 1) (A2)

min

(A

q*-integrated angular observables J; in bins between g2,
and ¢2,.. For composite observables X we use (X) =
X({J;)). We assume in the following that an S-wave back-
ground from K7 around the K*(892) mass has been
removed as discussed in Sec. VIB.

Starting from the ¢’-integrated decay distribution
d*(I')/d cos,d cosOgd e, one obtains the integrated decay
rate and the three single-angular differential distributions

) =20, + (i) = 3 Q) + (). (A
Li;—? = % —<J3)0052¢ + —<J9> sin2¢, (A4)
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d(F} . <ch> < 6c>
Toogn = 10+ 5% () + 5 cost
+ (<12$> + <J;C>) cos26,, (A5)
ary 3 B _
deosy 5[(“19 5(./25>)sm20,<
+ (<ch> - %<ch>)cos20,<] (A6)

after integration over either all or the remaining two
angles, respectively.

The lepton forward-backward asymmetry Agg can be
written as

<J6L>

(AppXT) = >

<~]6s> +

(AT)

see Eq. (AS5). The extraction of J4 5 7 g has been discussed in
Ref. [7]. For alternative methods to obtain the J;, see, for
example, Refs. [8,20,39].

The longitudinal K* polarization fraction F; can model
independently be defined as

1 ary 3 . 5 3 5
<F> m = Z<F7‘>Sln 0[( + §<FL>COS 0[(. (Ag)
From comparison with Eq. (A6) one can read off
1
(o) = g5 (10 = 50020) (A9)
1
P =5 (G0 = 500) @A

where Fr + F; = 1.

In the experimental analyses by the collaborations
Belle [31], BABAR [32], CDF [33], and LHCb [41] the
distribution

1 dI) 3 _
@m_Z(FL)(I cos?6,)

3
+§(FT>(1 +cos20,) + (Apg)cosh, (Al1)
is at least partially employed. We stress that the latter is
based on [cf. Egs. (B1)-(B4)]

Jls = 3J2s’ ch = _JZC’ (A12)

which is broken by m, # 0 and/or in the presence of S, P,
T, or T5 contributions. Therefore, results for F; based on
Eq. (A11) do not hold in full generality.

Note that in cases where Eq. (A12) holds, such as the
SM with lepton masses neglected, F, = (|A5]* + |AR]?)/
I' = —J,./T. Furthermore, {J,,) = 3/16¢I')(1 — (F}))
and (J5) = —3/KXF,).
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APPENDIX B: ANGULAR OBSERVABLES

The J;(¢g?) of Eq. (A1) can be conveniently expressed
within the (SM + SM') operator basis with the help of

seven transversity amplitudes, A If” and A, [6]. The op-

erators S require an additional amplitude Ag, whereas the
set P can be absorbed into the amplitude A, [8]. In the
presence of tensor operators 7 and 75, six additional
transversity amplitudes A;; need to be introduced, with
ij={llL, 0,zL,¢],0L,0l}; see Appendix C. In the
complete basis (SM + SM') + (S + P) + (T + T'5) we obtain
4 2+ Bg)

=J
3 Is =

(AL P +1Af P+ (L—R)]
4
+ —eRe(AL AR+ AL AR +4B3(1A0 L 12 + A1)
s

+4(4 3,8 )(lAzilz + |Azl||2)

+8v2 L J__Re[(AL L+ AR)AL — (AL +AR)AT
(B1)
4 Am?
3/ = IAEP + 1AFP + LA + 2Re(4fAf )]
+ BHAgI> + 82 — DA + 8B%HA LI
ny
+ 16— Re[(A} + AR)AL], (B2)
Vi
4

2
§J2s = Tanﬂz + |Aﬁ|2 + (L —R)

—16(1A, L[> + [Ag1* + 1AL 1* + 1A D)) (B3)
4
§J2c = —BillAG 1 + AFI? — 8(1A 01> + 14 1M)] (B4)
4 2
2= Bk — AR+ @ — R)
+16(1A417 = 14, 1> + [Agyl* — 1AL 1D)]  (BS)
=J R AFAL* + (L — R
&/’ 2(AgA + AjLAY)]) (B6)

4
Js = \/E,B(Rel:AéALL* —(L—R)

3
= 22445 — S (Af + ARIAT + 432404;
V7
+a2laf - AW — 4t - )| @)
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4 *

+ a2 7—12 (AL —
q

ARAY, — AL Alff]Afl)],

(B8)

gl& = 4,8€Re|:2At0A§ + 2L (Af +ABA + 44y lAf]],
q
(B9)
—J; = \/E,B{Jm[AéAﬁ* — (L — R) — V24, A}
m€ * *
+ ﬁ([ALl + ARJAL + 4v240, A}
+ 42[Af — ARIAY — A[AF — AR, ] (B10)
4 ,8€
~J Im[ALAL* + (L — R
+ 8\/_ 240141, —ALAR)]  (BID)
4 ES
+ 16(A, L A% — AgLAy))] (B12)
where the lepton mass m, has been kept and

Be=41- 4m?/q*.

Here the transversity amplitudes contain the contribu-
tions from the operators in Eqgs. (3)—(5), which are
factorizable. Nonfactorizable contributions from O;4g
are taken into account by using effective Wilson coeffi-
cients C¢. Within naive factorization the transversity
amplitudes read

_ %
ALR — \/EN\/X{[(Cg +Co) T (Cip + cm,)]m
2mb =L + Cw)Tl} (B13)
ALR = —NB0M, = MG — Co) F (Coo — Cro)]
Al Zmb
Xt G c7,)T2}, (B14)
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N
A= =16 =) 7 (€0~ Coo)
2M g
X I:(Mlze _M%c* - C]2)(MB +MK*)A1
_mAz] + 2mb(C7 C7/
A
x| (M%+3M%, —g)T,————T :I} B15
[( B K q ) 2 M%—M%(* 3 ( )
VA Cp— Cpr
A = —[2((}10 Ciy) + — q M]AO, (B16)
N/ my (my, + my)
C Cy
— —2N\/_7((m5 - Wf))A (B17)
b
AjLo) = C”S) M} +3M%. —
oo =N ( v — )T,
A
_ MR ] (B18)
A
AL = 2N %@(s)ﬂ (B19)
q
(M% — M2.)
Aoy = 2N %CT@)T} (B20)
q
The normalization factor N is given as
2
N = GFathbVls'\/3 R 2]07T5M%’ (B21)

and the B — K™ form factors V, A 1 5, T 53 are defined as
in Refs. [4,6,8,14,21,42].

The (SM + SM’) calculation of the fourfold differential
decay rate by Kriiger and Matias [6] already includes the
chirality-flipped operators of the SM/ basis for m, # 0. We
reproduce their results. The complete set of operators was
considered in the limit m, = 0 by Kim and Yoshikawa
[20]. The extension to m, # 0 for (S + P) operators has
been performed by Altmannshofer et al. [8] within the
transversity amplitude formalism. We agree with the
arXiv v5 of this work.?

The extension to m, # 0 to include the tensor operators
(T + T5) has been performed by Alok et al. [21,43]. Our
findings are at variance with theirs; notably we cannot
confirm the absence of tensor contributions in Jgo. In
general the deviations between our results and [21,43]
are too numerous to be listed here.

>We thank the authors of Ref. [8] for confirming missing
factors of 2 in Egs. (3.31) and (3.32) in earlier versions and
the journal version.
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APPENDIX C: B — K*(— Km) (€~
MATRIX ELEMENT

We present here the parametrization of the hadronic
matrix element used to calculate the decay B—
K*(— Km)¢ ™,

M = F(X[0€] + Xp[Cyst] + X[ Cy, L]

+ X4 [0y, ys0] + X3 Lo, €D). (C1)
We define
.GFae >
=] Vi Vi kaDyv2 , C2
F \/§7T th Vis8Kk* knllv |pK| (C2)

and use pg, the three momentum of the K in the K7 cms,

JAME., M2, M2)

| = , C3
|PK| WMy (C3)

and the kinematical function A defined as usual
Ma, b, ¢c) =a?>+ b>+ ¢ —2(ab + ac + bc). (C4)

Using this parametrization, we obtain the hadronic tensors

i
X¢=— N cosfOxAg, (C5)

i m
Xp=+— cosHK—eA,,

NI

(Co)

Xk, = ﬁ cosOxe” (0)(AR = AL)

i, .
+ @ sinfg (e (+)e™P[(Af + AR)

Af+ AT+
— (A” - Aﬁ_)]),

et (=)e P(Af — AT)
()

cosHK

X7 =——(e*(e"(0)A, —

smﬁK

V2N

+el(—)e Ay A LD -

e (+)e"(—)A)L)

+

SM(Z)(SV("')em&[AtII _AIJ_]

SineK “

NItk 0)(e”(+)

X e'?[Agy + Ayl + e’ (—)e [AgL —Agy),  (C8)

where the polarization vectors &*(n) in the B meson rest
frame read [8]
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eh(£) = \/Lz(o, 1, 7i,0),

1
e#(0) = —=(=¢., 0,0, —qo).

Ve

1
H(f) =
() = 7= 40, 0.0..)

(C9)

We choose the z axis in this frame along the K* direction of
flight, and g, (g,) denotes the timelike (spacelike) compo-
nent of the four momentum ¢*. The polarization vectors
fulfill the completeness relations

Enn' = SL(H)SM(I’[/),

= ZSL(n)SV(n/)gnn/

n,n'

(C10)

with g, = diag(+, —, —, —) for n, n’ =, =, 0. We use
the relation Eq. (C10) to insert the full set of polarization
vectors £#(n) between the hadronic and leptonic currents,
and introduce the helicity amplitudes H,,,, _,, for arbitrary
Dirac structures I'#1-+#1,

(K*(k, n(a))|5T ,, _,.,bIB(p))

= Z(K*(k n(a))|sT"1-*1b|B(p)) X nsu,(n )g" Mg, (n])

i1

(C11)

(C12)

1
Z any.. n,l_[gninis,ui(ni)'
=1

The tensorial transversity amplitudes A;; are related to the
helicity amphtudes H,, ,, by means of

Al = \/_(H+0+ +HY, ), Ay =7_ Pos —H ),
A}‘J_ :\/_—(Hzt— _HI-;H—)’ AE' =\/_§ —t— +H+l+)
Aﬁl_Hg + A};):Hgto’ (CI13)
and

A= > AL (C14)

The polarization vectors of the K* for polarizations
a = *, 0in the B cms read

1
#M(£)=—7=(01, %£i0),
Nt (%) ﬁ( i, 0) c1s)

1
n*(0) = M—K*(—qz, 0,0, Mg — qy).

This approach generalizes the concept of the transversity
amplitudes; cf. e.g., Refs. [6,8,44], to which we also refer
for the definition of the remaining transversity amplitudes

L., S
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TABLE III. The numerical input used in our analysis. We
neglect the mass of the strange quark. 7z (75+) denotes the
lifetime of the neutral (charged) B meson. Here, A denotes the
CKM parameter in the Wolfenstein parametrization.

A 081270913 [46] A 0.22543 =0.00077 [46]
p 0.144 +0.025  [46] # 034210016 [46]
a,(My) 0.11762 o 1.638 ps [47]
a,(my) 1/133 o 1.525 ps [47]

m(m.)  (1.272380) GeV  [47] M-
my(my)  (4.197008) GeV  [47] Mgy

mPoe (1733 = 1.1) GeV  [48] M-
m, 0.511 Mev [47] Mo
m, 0.106 GeV [47] M-
My (80.399 = 0.023) GeV [47] M0
sin?fy,  0.23116 + 0.00013  [47]

5.2792 GeV [47]
5.2795 GeV [47]

0.494 GeV [47]
0.498 GeV [47]
0.89166 GeV [47]
0.89594 GeV [47]
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TABLE V. The SM predictions for B° — K*0¢T¢~ and
B~ — K* {*{¢" decays in ¢* bins. For the large recoil region
q* = 8.68 GeV?, we use the QCDF results [14] and include all
known power-suppressed contributions [15]. For the low recoil
region g*> = 14.18 GeV? we use the low recoil OPE framework
[1,4]. In both cases we use the B — K* form factors, or extrap-
olations thereof, from Ref. [42]. Note that (F;) + (F;) = 1.

Observable B — K¢t ¢~ B~ — K* {1¢~
107 X (BR)y,.2 .20 217483 22133
107 X (BR)20..43 1.0550:33 1152331

107 X (BR)43_8.68
107 X (BR); .60
107 X (BR)14.15..16.0
107 X <BR>16.04..41§,.ax

2.46%033
247703
1.2604

1471543

2.66703%
2.6773%
1.357043

1577048

TABLE IV. The SM predictions for B°— K°¢"¢~ and
B~ — K €"€~ decays in ¢ bins. For the large recoil region
q2 = 8.68 GeV2, we use the QCDF results [14,19] and include
all known power-suppressed contributions [15]. For the low
recoil region g*> = 14.18 GeV? we use the OPE framework
[28]. In both cases we employ B — K form factors, or extrap-
olations thereof, from Ref. [49].

10" X (Apg)4ne, .20 1.08%533 1.08%033
107 X (App)2..43 8.5873400 7.667313
10" X (App)s3. 568 —1.817072 —1.81%3%
10% X (Arg)10.60 4.9473% 4.20%53]
10" X (App)1415..16.0 —4.3750% —4.3750%
10" X (ArB)16.0. g2, —3.8070%) —3.805087

B — K¢~ B~ — K {7¢
6.44%207 6.92%33
7.50%23¢ 8.08%73
1.381031 1487033
1.6370.38 175705

3.40%0% 3.657532

Observable

10% X (BR)yy2 .20
10% X (BR)2¢.43
107 X (BR)4 3. 565
107 X (BR)1 .60
10% X (BR)14.15..160

108 X (BR)60..18.0 3.09% 58 331558
108 X (BR)150.220 31875 3415568
108 X (BR)16.0..42.. 6.347752 68071 5
10" X (F g2 20 1.037531% 1.03751%8
10 X (F)0..43 2377018 2375038
102 X (Fi)a3. 568 1.24%333 1.24%333

102 X (Fi)10..60
10% X (Fi)14.18..16.0
10 X (Fi)i60..180

10% X (Fi)ig.0.220
103 x (Fii60..q2,

2.54%0%0
7.04+ 137
6.931:6
8.17%24

7.757219

2.55%9%0
7.047 188
6.9371:69
8.18%2%

7.75%%19

We employ ys = i/(4)e,p,,y*yPy*7y", such that

Tr[y*yPyty?ys] = 4ig*Pr?,
(C16)

i
oBys = 2eBra,,

with o, = i/2[y,, v,], and g1 = —"1% = 1.

3.17507%
7.887032
6.617952
7.35%059
3.63702)

3.381928

3.437078
7.96793
6.637058
7.467038
3.63702)

3.381928

10! X <FL>4me“.2.0
10" X (Fp)20..43
10" X (Fp)43. 568
10" X (F1)10..60
10" X (F1)1415..160
10" X (FL)160..42,

10! X <FT>4m,ZL...240
10" X (Fr)y0,.43
10" X (Fr)43. 568
10" X (Fr)10..60
10" X (Fr)1415..160
10" X (Fr)i60. .

10" X (AP 1415, 160
2
10" X <A(T)>16.0...q,2mx

6.83707¢
2.12509) 2.0410%
3.3940% 3.37407%
2.65%0% 2.54+000
6.37100 6.3710%

6.621933 6.621033

6.58+018

—3.68719¢

—6.037139

—3.69719¢

—6.037132

APPENDIX D: B — K™ ¢* ¢~ SM PREDICTIONS

We update our SM predictions for B — K*¢*¢~ [4,5]
and B — K{¢* €~ decays [28]. This includes the following
improvements to the EOS [45] source code: First, a com-
mon set of numerical input parameters is used, given in
Table III. The resulting changes with respect to previous
works are, however, marginal. Second, we improved the
implementation of the subleading corrections within
QCDF to the amplitudes in the region of large hadronic
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recoil. This concerns, in particular, the analytic expressions
for the convolution integrals that involve the kaon light
cone distribution amplitudes. The analytic results turn out
to be more numerically stable than previous ones. In this
process, we further switched from MS to the charm pole
mass. Last, we implemented all numerically relevant
power-suppressed hard scattering and weak annihilation
contributions [15]. Subleading V,,V;, contributions are
included in the numerical analysis; Nonfactorizable effects
at low ¢> estimated in Ref. [49] are not included. The
results are presented in Tables IV and V. We recall that
the ¢? region of validity within QCDF is approximately

PHYSICAL REVIEW D 87, 034016 (2013)

within (1-7) GeV?. Numerical predictions in the tables are
extrapolations thereof and provided to match the
experimental binning. Note that (F,)+ (Fp) =1
[cf. Eq. (A8)]; however, for convenience we give predic-
tions for both observables. Since we calculated (Fp r)
individually, the sum rule served as an independent check
of the EOS code.

Besides the improvements mentioned above all details
entering our low and large recoil predictions are given in

Refs. [4,5,28]. Detailed SM predictions for H(Tl’2’3) are
given in Refs. [4,18].
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