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The rare decay B — K*(— Kr)v is expected to play an important role in searches for physics beyond
the Standard Model at the near future B-physics experiments. We investigate resonant and nonresonant
backgrounds that arise beyond the narrow-width approximation for the K*. Nonresonant B — Kzvv decays
are analyzed in the region of low hadronic recoil, where B — Kz form factors from the heavy-hadron-
chiral-perturbation theory are available. In a Breit-Wigner—type model interference-induced effects in the
K* signal region are found to be sizable, as large as 20% in the branching ratio. Corresponding effects in
the longitudinal polarization fraction F; are smaller, at most around a few percent. Effects of the broad
scalar states K{; and « are at the level of percent in the branching fraction in the K* signal region and
negligible in F; . Since the backgrounds to F; are small, this observable constitutes a useful probe of form
factor calculations or, alternatively, of right-handed currents in the entire ¢ region. The forward-backward
asymmetry in the K system, AX; | , with normalization to the longitudinal decay rate probes predominantly
S, P-wave interference free of short-distance coefficients and can therefore be used to control the resonant

and nonresonant backgrounds.
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I. INTRODUCTION

The rare semileptonic hadron decays induced by |AB| =
|AS| =1 flavor changing neutral currents are sensitive
probes of the Standard Model (SM) and beyond. The
transitions b — s¢"¢~, where £ = e, u, have been the
subject of extensive theoretical and experimental studies
in the past several decades [1,2]. The main theoretical
challenges for the reliable extraction of Wilson coefficients
from the experimental data arise from the requirement
of the quantitative understanding of QCD backgrounds at
large distances. To test the SM and to improve the under-
standing of theoretical uncertainties one can pursue studies
with b — svp transitions, which are related by SU(2), to
b — s£*¢~ but not being subjected to sizable electromag-
netic contributions from charm quarks. While dineutrino
modes are theoretically better understood, they are exper-
imentally more challenging and have not been observed
to date. One can expect, however, that exclusive dineutrino
modes with SM branching ratios of ~10~> will be observed
and probed at the forthcoming Belle II experiment [3,4].
The current best limit is from the Belle Collaboration and
reads, at 90% confidence level [5],

B(B — K*%v) < 1.8 x 1073, (1)

which is just around the corner of the SM prediction.
Dedicated studies of the impact of new physics on b — svv
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processes can be found in the recent literature [6—10];
see also [11,12]. Here we focus on B - K% (—=Kr)vp
decays and analyze the interplay of the SM induced
backgrounds for a K* meson beyond the narrow-width
approximation (NWA). Corresponding effects in B —
K*(—»Kr)¢ ¢~ decays from scalar states and nonresonant
contributions have been investigated previously in [13—15]
and [16,17], respectively. Interestingly, the S-wave fraction
in B > K*(—»Kn)u*u~ has recently been measured by the
LHCb Collaboration [18].

We consider only decays of neutral B mesons and omit
the charge indices throughout; the corresponding decays of
charged B mesons are additionally impacted by tree level
charged currents via a resonant tau lepton [19].

After setting the notation in Sec. Il A, we give ampli-
tudes and distributions for an asymptotic final state K* in
Sec. I B. In Sec. III we work out effects from intermediate
scalar mesons K{; and k, which contribute to the creation of
the outgoing Kz pair beyond the NWA for K*. Nonresonant
B — Knvp contributions for a Kz mass around the one
of the K* are analyzed in Sec. IV. In Sec. V we conclude.
Auxiliary information is deferred to three appendixes.

II. GENERALITIES

We give the effective b — svv Hamiltonian used in
this work and some notation in Sec. II A and B - K*vv
distributions for a zero-width K* in Sec. II B.

A. Effective Hamiltonian and notation

We begin with the low energy effective Hamiltonian for
b — suvu transitions following [6,8]

© 2017 American Physical Society
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4GF (04 _
W%@[(CL + Cg)(37,b)

+ (Cr - CL)(E}’MJ’sb)]ZDiJ’”(l —7s)v; + He.,

)

where A, =V, Vj, is the product of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements and «a is
the electromagnetic coupling constant. The v; denotes
the neutrinos with flavors i = e, u, 7. The value of the
Wilson coefficient C; within the SM was calculated at
the next-to-leading order in QCD [20-22]. It is given by
C; = —X(x,)/ sin? Oy, where x, = m?/m?, and X(x;) is
the corresponding loop function with X(x,) = 1.469 £
0.017 [11]. The right-handed Wilson coefficient C is
negligible within the SM, but can be induced in beyond the
SM (BSM) scenarios. We therefore keep the explicit
dependence on this coefficient in the analytical expressions.

We denote the four-momenta of the B, K*, K, and =
mesons by pg, k, pg, and p,, respectively, while the four-
momenta of the neutrino and the antineutrino are denoted
by p, and p;. We use ¢ = p, + py and p = pgx + p,. myx
denotes the mass of the meson X = B, K*,K,n. The
polarization vectors of the K* meson and the neutrino pair
in the rest frame of the B meson are given in Appendix A.

Heff = -

B. B - K*wvwv

We recall the expressions for the B — K*vv decay
amplitude and differential decay rate for an asymptotic
K*-meson state. The amplitude for B — K*v,;0; decays,
with fixed K* polarization n = 4,0, can be written as

4G[: a

A, —nh
"8z #

A(n) = - (n)e*, (3)

where

TABLE L.
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(CL + Cr){K*(n)|57,b|B)
+ (Cr — CL)(K*(n)|57,75D|B), 4)

and 7* denotes the matrix element of the vector-minus-axial
neutrino current between the vacuum and the neutrino pair.
The matrix elements of the vector and axial-vector currents
between the B and K* mesons are parametrized in terms of the
standard form factors, explicitly given in Appendix B. We use
the B — K* form factors given in Ref. [23], which were
obtained from a combined fit [24] of lattice QCD [25] and
light-cone sum rules (LCSR) results [23].

The hadronic amplitudes 4, are written in terms of the
hadronic helicity amplitudes H, which are defined as
projections of the hadronic matrix onto the polarization
vectors of the neutrino pair for a given K* polarization n as

hﬂ(”) =

H, =& h,(n), n=+,0. (5)

For easier comparison with the literature, we switch
to the transversity basis of perpendicular (L) and
parallel (||) polarizations via H, =1/v/2(H,—H_) and
Hy = 1/V2(H, + H_), while the H,, remains unchanged
from Eq. (5). The hadronic transversity amplitudes then
read

V2(Cp + Cp)A 2 (m, 4%, i)

Hi(q%) = P—— V(g*),
Hy(q%) = V2(Cp — Cg)(mp + mg-)A, (¢%),
Ho(‘]2> = _;(CL - CR)

ZmK*\/ qz
X |(mg 4 mg:)(my —myg. — q*)A;(q*)

m2 2 mz*
A i) g )|, (©

mpg + m g+

SM branching fractions in units of 10~ for different cuts in p> [see (25)] and g¢? as indicated. The (first)

row with B — K*pv corresponds to the NWA, while in the second and third rows finite width effects (10) of the K*
have been included. The ranges given for the scalar resonance contributions correspond to the ranges of the scalar
form factors (B4) and the parameters in (11). Interference between the scalar- and vector-meson induced amplitudes
is lost upon cos 8y integration such that the corresponding branching fractions can simply be added. The second
uncertainty in the last two rows stems mostly from the unknown strong phase §. The symbol - - - indicates that
theoretical predictions are not available; see text for details.

Low ¢* € [0-14] GeV? High ¢* € [14-19] GeV?

B(B — K*10)|xwa 6.96 + 0.76 2.50 +0.22
B(B = K* (= Kn)ub)|p.oy 6.01 £ 0.65 2.09 +0.22
B(B = K* (= Kn)uD)|s, peu 6.80 £ 0.73 229 +0.23
B(B = (k, K§)(— K7)vd)|p.cu [0.01---0.07]

BB = (5, K§) (= Kn)oh) s pu 0.04-+-030) -

B(B — (K* 4 nonres)(— Kz)vD)|p.cu 2.09 £0.227535
B(B — (K" + nones) (= K)ot)ls. peu 220 4023108
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where A(a,b,c) = a* + b* + ¢* —2(ab + bc + ca). The
differential decay distribution in ¢2, the square of the
invariant mass of the v pair, is then given as

dr G%| A2 a?|q|q?
=3 T P ey L ()
with |g| = AY2(m%, m%.,q*)/(2mg). Here, the overall
factor of 3 comes from the summation over three flavors
of the final state neutrinos. Formula (7) agrees with the
corresponding results in [6,8]. Integrating this distribution
over the full kinematic region 0 < ¢* < (mg — mg-)* we
obtain for the SM branching ratio

B(B = K*iv) = (9.49 + 1.01) x 107°, (8)

consistent with [7,10,11]. Partial branching ratios in low
and high ¢” regions are given in Table I; see Sec. III B
for the definition of our current choice of binning in ¢°.
|

.A(B - Kres(n)(_)Kﬂ)Diyi) - _4%
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Separate g” regions are needed since form factors for the
background modes B — K(—Knr)vv and B — Kavw are
presently not available in the full ¢* region.

III. RESONANT CONTRIBUTIONS
B — K, (= Kr)vw

In this section we treat the K* at finite width and include
intermediate scalar states decaying as well to Kz. Such
effects have been studied previously for B - K*¢T¢~
decays [13-15] and measured recently by the LHCb
Collaboration [18]. In Sec. III A we obtain decay amplitudes
and distributions for B — (K*,K{.x)(—Kn)vo decays. In
Sec. III B we work out their phenomenology.

A. Amplitudes and observables

The total, resonant amplitude with fixed polarization n of
the final Kz pair can be written as

Ll D (KalKio () [(Cr + Co) (Kees(n)]57,1B)

+ (CR - CL)<Kres(n)|§7ﬂy5b|B>}l’ﬂMﬁ//Vres(p2)’ (9)

where p? = (pg + p,)? denotes the square of the invariant
mass of the Kz pair. We parametrize the propagator of the
intermediate vector K* resonance by a Breit-Wigner ansatz

— 1
BW * 2 - N 10
K (p ) p2 _ m%(* + im[(*FK* ( )

where 'y denotes the (constant) width of the K* [26]. In
the absence of B — K* form factors that take into account
the finite width of the K* we employ the available narrow-
width ones instead.

For the broad scalar states we follow Ref. [13] and
include the contribution of the K;;(800) = « that modifies
the tail of the K};(1430) resonance in the p*-region relevant
to the K*,

I
p2 - (mK - lFK/Q’)Z
1
P’ - (ng - irK3/2)2'

E‘\//Vscalar (p2) =

+

(11)

We employ the mass and the width of the scalar state x from
Ref. [27], and the ranges of the magnitude and argument of
g, given in [13], which are compatible with D — K*Zv
spectra [13,28]; see Table III for a compilation of numerical
input used in this work. For alternative descriptions, see
[29,30] and [16]. We checked explicitly that the model (11)

|
is consistent with the measurements of the scalar fraction
Fg and the cos@y distribution in B — K*(— Km)upu~
decays [18] and the p? distribution near the K* [31]. In the
future experimental checks can be explicitly performed
directly for the dineutrino mode by measuring the inter-
ference observable b; see (18). As for the K* we neglect a
possible p? dependence in the decay widths.

The K*, K; — Kz decay amplitudes are expressed in
terms of the couplings gg-x, and 9K: K> defined as

<Ki(P1<)”j(Pn)|K*(k’ n)) = Cij(en “ PK)IK K>
<Ki(PK>”j(Pn)|K8(k)> = Cij9K;Kx- (12)

Here, ¢;; denote isospin factors that depend on the charges
of the final state mesons, i.e., |c,_| = v/2|co| = 1. The
magnitudes of the couplings can be obtained from the
corresponding decay rates using

A ‘Ci'|2 N
D(K* = K'nl) = 5~ Giekal Pic
24xmy.
« ij leul> 5 -
I(K - Kin) = S Ikkxl P |- (13)
0

where |pg| = ll/z(m%q g m%, m,zr)/2mK(*0). These couplings
0

are important for the understanding of nonperturbative
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strong interactions; gg+x, has been computed in lattice
QCD [32], consistent with data [26].

We write the amplitude for the K* — Kz transition in the
Kr rest frame using the components of the kaon’s four-
momentum, that is, for the coordinate system defined in
Appendix A, given by p% = (Ek,0,|pk|sinOx,|pg|cosOx).
We defined 0y as the angle between the kaon and the
opposite direction of the B meson in the Kz rest frame.
The polarization vectors of the K* resonance in this frame

are €, = 1//2(0,%1,i,0) and € = (0,0,0, 1), resulting
iney-pg= —i%|ﬁK| sinf.€q- px = —| P |cosOg.

Using the projection (5) and the scalar form factor (B3),
we obtain the corresponding hadronic helicity amplitude

ﬂl/Z(m%’ q2’ m%((*))

\/55

For the form factor f_ (¢*) we use the results of the QCD-
sum-rules computation from Ref. [33]; see Appendix B.

To combine vector and scalar resonance effects we write
the differential decay rate for the four-body final state
process by introducing the helicity amplitudes, distin-
guished by the fildae labels, that incorporate, with the
use of Eq. (12), the subsequent decay amplitude of the
resonance into the final Kz pair, that is,

H6(q2) =(Cr—Cyp) f+(‘12)- (14)

- . 1 > . _
Hy (g% p*.cosf) = _lﬁgk*l(ﬂ|p/l(| sin@x BWx-(p?)

XH||,J_(q2)7
Hy(q%, p*.cos0) = =g k| Pk | cos Ok BW - (p*) Ho (q?).
H{)(qzvpz) :gKgKnﬁ/scalar(pz)Hé)(qz)’ (15)

where | ;;’ x| is defined in Eq. (17) below. Using the
expression for the four-body phase space, e.g., [16,34],
we obtain the threefold decay distribution

T
dg*dp*dcos Oy

N N[t » o »
_ (q )|Q||PK| |: Z |Hi‘2+2Re(H0H/6)+|H6|2 ,

8(27) m%+/ p?

i=||,L.,0
(16)
with
N(¢?) = G2 ¢/ (872),
Pl = 222w m2) [ (20/?))
| = A2 (ni . q7)/ (2mp). (17)

PHYSICAL REVIEW D 95, 073001 (2017)

Equation (7) is recovered in the NWA for the K* after
setting the scalar contributions to zero and integrating the
above distribution over cos 0 in the interval (—1,1).

The threefold differential decay distribution (16) can be
written as

d’r s o
il , b(q%, p? 0

+ ¢(q?, p?) cos? Oy, (18)
where, schematically,

2 .2 > 2 |Hi|2
a(g’.p*) ~ Y Pl
i=|,L

b(q*, p*) cos Ox ~ =2|px|Re(HoH'),
2 2 2 - 2 2 |Pli|2
o(q*. p*)eos’Ox ~ [px [ [HoP = > ). (19)

i=|l,L

2

+ |Ho

The parametrization (18) is general for contributions
from spin O and spin 1 kaon resonances. For spin > 2
further powers of cos @y arise. The coefficient functions
a(q*, p*),b(¢*, p?), c(q*, p?) represent the three indepen-
dent observables that can be measured in angular analysis
in Og. Instead of a, b, ¢ for phenomenology we consider the
2 d; : 1
q--differential decay rate,

j—qrz - 2<a(q2) n C(;} )>, (20)

and the longitudinal polarization fraction of the vector
meson, F; [8],

_er/dCI2
L_dF/dqzz

ar, 2

i3 (a(g?) +c(q®).  (21)

both obtained after integration over p®. As usual, the ¢*-
averaged (binned) versions of ratio-type observables are
defined as

(F) =Lt

q%naxdFL
==, r<L>:/ R )

A4

Note that F'; does not depend on the Wilson coefficients if
right-handed currents can be neglected. In this case, which
includes the SM and which may be checked elsewhere, F,
is probing form factors in the entire ¢* region. With a single
observable it is not possible to extract two form factor ratios
without further input. This is different in B - K*£T¢~

'In what follows, a single argument implies that the other
variable has been integrated over, e.g., b(¢°) = [dp*b(q*, p?)
and b(p?) = [dq*b(q*, p?), etc.
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FIG. 1.

Shown on the left is the differential SM branching fraction for the decay B — K*(—Kx)u as the function of g2, integrated

over p? within the P cut; see (25). Shown on the right is the longitudinal polarization fraction F; (g?). Here, the (black) data points
correspond to form factor computations from lattice QCD [25,37]. The error bands result from the uncertainties in the form factors taken

from a combined fit [23], and parametric inputs.

decays at high ¢> which allows for a fit [35]. Within the
NWA for the K* we find after integration over the full ¢°
region

(F1)nwa = 0.49 + 0.04, (23)

consistent with Ref. [8].
In addition, we consider the forward-backward asym-
metry AK;, or alternatively, AK;, ,

0
fo d cos O dqzdcosﬁ — [°, dcos O %

1475

2dcos Ok

AK

FB(L) —

2 .2
_bla.p) (24)
0

induced by interference of the K* with intermediate scalar
states. It can be used to further check the size of the scalar
background, as pointed out for B — K*£"#~ decays in
Ref. [13]. By the same argument, b = 0 in the presence of
vector K* only. Note that contributions from b(q?, p?)
disappear from (18) after symmetric cos O integration. In
the same way as in F; the dependence on Wilson
coefficients drops out in AX; if right-handed currents are
negligible. On the other hand, in AX; | only amplitudes with
C; — Cy enter, so the Wilson coefficients cancel in this
ratio model independently.

B. Numerical analysis

We employ two different integration regions for p?
[16,18],

[(mg = 0.1 GeV)?, (mg- + 0.1 GeV)?]
[(my +m,)*, 1.44 GeV?| (S + P) cut,

P cut
(25)

where the first one, termed P cut, refers to the K* “P-wave”
signal region. The second one, termed S + P cut, refers to a
wider region that allows one to study backgrounds, such as
S-wave contributions.

After fixing the integration limits for p?, the end point

in ¢% is a function of p2, that is, g2, = (mz —/p?)%
Note that some care is required with the comparison of the
experimental results that follow from some choice of a
finite integration region in p? with the result of Eq. (7). If
one assumes the Breit-Wigner type parametrizations, as
above, and applies the chosen p? cut, the differential decay
rates over ¢ and the resulting total rates are smaller than
those from Eq. (7). This can be explicitly seen from Table I
and has also been pointed in Ref. [36] for By - K*/v
decays.

We begin with the pure B - K*(—Kz)vp decays at
finite width. In Fig. 1 we show the branching ratio and F
in the SM as functions of g in the signal (P-cut) window.
Note that F; goes to 1 and 1/3 at maximal and zero recoil,
respectively, as dictated by helicity. On top of the uncer-
tainty bands from B — K* form factors and parametric
inputs we show for F'; exemplarily predictions from lattice
form factors [25,37]. Recall that F; is unaffected by BSM
physics if Cy is negligible. As we will show, F; in addition
receives only small uncertainties from scalar and nonreso-
nant backgrounds. We therefore suggest it as a probe of
form factor calculations in the full ¢° region.

In the following it becomes necessary to separate the
analysis into two ¢° regions, “low ¢>” within the range
[0-14] GeV? and “high ¢*” within ¢*> € [14-19] GeV?.
We refrain from presenting numerical predictions for
intermediate scalar resonances at high ¢?, where the
extrapolation of the scalar form factors Eq. (B4) into the
highly off-shell (for K)) region is required. Instead, we find
these effects to be highly subdominant in this region, their
kinematic suppression toward the high ¢ region is evident
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: : ——— :
— Ko"+«, arg(g,)=n/2
=== Ko'+i arg(g,)=r

dB/(dgdp*)x1077[GeV ]

0.4 0.6 0.8 1.0 12 14
P*[GeV3]

FIG. 2. Line shapes of the resonant K* (10) (solid blue line)
and scalar mesons [K}(1430), x(800)] (red line) at ¢> = 4 GeV>.
All input parameters are set to their central values, and g, =
0.2,arg(g,) = =/2 (red solid line) and arg(g,) = x (red dashed
line); see Eq. (11). The (gray) shaded region corresponds to the P
cut in p?; cf. (25).

from Fig. 3. The other reason for a separation in g? is the
nonresonant effects, whose description using chiral meth-
ods is expected to hold only at high ¢?; see Sec. IV. The
estimate of nonresonant effects in the low ¢> region is
beyond the scope of this work.

The line shapes of the K* and the scalars are shown
in Fig. 2. They do not interfere in the B — (K*, K}, k)
(—Kr)vp differential branching ratio. Contributions from
scalars underneath the K* peak can be probed with side-
band measurements or AllgB(L) (24).

The impact of the intermediate scalar meson states on
B —» K*(—»Kn)vp is illustrated in Fig. 3. Shown is the
ratio of B — K*(—»Kn)uv to B — (K*,K{,k)(—>Kn)vw
differential branching ratios® for different p? cuts. After
integrating over cos g, the information on the interference
between the scalar and vector amplitudes is lost and the
corresponding branching fractions can simply be added.
We find that the impact of the scalars drops with increasing
g*. Ttis at most ~10% for the S + P cut and a few percent in
the P cut.

After integrating over the low ¢ region the ratio between
the corresponding integrated rates deviates from unity at the
level of at most ~1% in the P cut and ~4% for the (S + P)
cut. Branching ratios involving only the K* and only the
scalars integrated over the low ¢” region are given in
Table I. The ranges given for the scalars correspond to the
minimal and maximal values obtained from the ranges of
the scalar form factors [see Eq. (B4) and the text below] and
parameters in (11).

For F; we find that its value for pure B — K*(—>Kn)vw
decays does not differ between NWA, the P- and (S + P)-
cut predictions at finite width. This can be expected since

“This ratio corresponds to 1 — Fg, where Fg denotes the
fraction of scalar contributions [15].

PHYSICAL REVIEW D 95, 073001 (2017)
oo . . . . . .

0.95

0.90 Wsircu |

P—cut

dB(K")/da?/dB(K" K3)/de?

0 2 4 6 8 10 12 14
q*[GeV?|

FIG. 3. The ratio of B —» K*(—»Kn)vo to B — (K*, K, k)
(—=Kr)vb ¢>-differential branching ratios for different p? cuts.
We set the B — K* form factors and other inputs to their central
values, except for the parameters which enter the scalar meson
contributions [B — K, form factors, g,, and other parameters in
(11)]. We leave these parameters free within the corresponding

errors, such that the boundaries of the above bands correspond to
the resulting minimal and maximal values.

the p? dependence is universal for all H ;> see Eq. (15). We
also find that the effect of the scalar states on F; is
negligible compared to other sources of uncertainties. SM
values for F; are given in Table II.

In Fig. 4 we show the forward-backward asymmetry
integrated over the low-g? region and normalized to the total
rate in this region (left plot) and the total longitudinal rate
(right plot), both integrated over p? in the (S + P) cut. These
observables can be used to test the model of the scalar
contributions. The normalization to the longitudinal rate is
particularly useful, since the Wilson coefficients C;, x drop
out. AgB(L)( p?) change sign across p?. Therefore, cancella-

tions arise from integration over p2 resulting in small values
of Afz(1,(¢), of the order of a percent.

IV. NONRESONANT CONTRIBUTIONS

We consider nonresonant contributions to the four-body
final state decay process. These contributions were studied
in [38] and were recently taken into account in B — K*£¢

TABLEIL. (F,) in the SM for different cuts in p? [see (25)] and
¢ binning as indicated (see Table I). The entries in the first row
are indistinguishable between the NWA and the finite width
treatment (10) with P and (S + P) cuts. The impact of scalar
mesons is negligible. The last row gives (F;) including non-
resonant contributions.

Low ¢* € High ¢°> €
0-14] GeV>  [14-19] GeV?
(F 1) lwape(s.Pcat 0.54 £ 0.04 0.34 = 0.02
(Fp)(B — (K* + nonres) 0.34 +0.02 + 0.01

(_)K”)UD)|P—,(S+P)-cut
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-0.2
-0.3
-0.4 . . . . .
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p?[GeV?]
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AfsL(P))

0.8 1.0 1.2 1.4

pP[GeV?]

0.6

FIG. 4. The forward-backward asymmetry AX; (p?) (plot to the left) and AX;; (p?) (plot to the right) defined in (24) integrated over the
low g¢? region. The corresponding decay rates have been integrated over the low ¢ region and the (S + P) cut in p>.

decays in [16,17], as well as some time ago in D — Kzfv
processes in [39]. The nonresonant matrix elements of the
(axial-) vector currents between the B and the Kz can be
parametrized as follows [38]:

(K7l |57,b|B) = ciiheasps (D% + PO (P — Ph).
(Kz|5y,ysb|B) = c;jl=iw, (Pky + Pau)

- iw—<p1(/4 - pr[ﬂ) - irQﬂ]’ (26)

where the form factors w, h, and r are functions of g2, p2,
and Og. They are presently not known from first principles

of QCD. We use the leading order heavy-hadron-chiral-
perturbation-theory (HHyPT) results [38,40]

af m
wy(q?, p?.0x) = iﬁﬁ,
2
9B 1
h 2, 2’9 — d ,
@ ) = S 0 pr T A0 prn ¥ B 1)

(27)

where v denotes the four-velocity of the B meson,
fP=fofx, A=mp —mp, and p;=my —mp. We
collect the corresponding numerical values of the inputs
in Table III. The results in (27) are expected to be valid only
in the kinematic range in which chiral perturbation theory
applies. This corresponds to pg - p, x/mp < 1 GeV, which
is roughly satisfied in the high ¢ region.

The nonresonant B — Kzv,v; decay amplitude can be
written as

4GF a

- %lt 3z [(CL + Cg)(Kn|Sy,b|B)

+ (Cg = CL)(Kx3y,y5b|B)]£*".

A(B - Knv;v;) =
(28)
The nonresonant hadronic transversity amplitudes are

obtained by projecting the matrix elements (26) onto the
polarization vectors of the neutrino pair [see Eq. (5)],

A2 (mig mig mz) A2 (m. p°, 4°)

H'' =(Cp+Cg)sinfg N h.
A2(p2 2 2
Hﬂr__(CL—CR)SiHGK%W_,
V4
_i(CL_CR){ 1 2 2V91/2(,,2 2 .2
ng: W—_((mK_mn)l/ (vaq ,P )
2\/q2 pz
—(m}—p? —¢*) 2V (m%,m2, p*) cosO)
+w AV2(m3, 4% p?) |. 29
+ B

We model the threefold differential decay distribution
including resonance and nonresonance contributions as
follows:

d’T _ N(@)|llP'k]

) =
dg dp=dcosOx  8(2x) m%+/p?
+ |€_i6ﬁ1|| + I‘Iﬂr|2 + |€_i6[:10

e, + HY?

+ HY + e Hp ). (30)

Here, we included 9, a relative strong phase. There is just a
single phase for all transversity amplitudes because all
individual form factors can be chosen real valued and by
approximate universality of the low recoil region. In view
of other uncertainties we do not consider 6 depending on
g, because one expects the phase to only slowly vary with
g*. However, 6 should vary with p?. In neglecting this
effect, which, in principle, could be taken care of, the strong
phase becomes an effective p>-bin averaged phase.

We stress that (30) is a model, with model parameter 6.
Alternative descriptions would include modified Breit-
Wigner propagators for the K* and B — K* form factors
that take into account finite width effects. The model (30)
can be improved by data, for instance, by measurements of
the line shape outside the K* signal region; see Fig. 5.

073001-7



DAS, HILLER, and NISANDZIC

T10

>

[0}

<
T o1

< .
o, 0.1Fy

g il

9 |

= |

0.01 !
0.4 0.6 0.8 1.0 1.2 1.4
p*[GeV?]
FIG. 5. Line shapes of the resonant K* contribution (solid blue

line), purely nonresonant contribution (dashed red line), and the
line shapes which also include interference effects for different
values of the strong phase § = 0, +7/2, 7 at ¢*> = 16 GeV?2. The
(gray) shaded region corresponds to the P cut in p?; cf. (25).

Furthermore, 6 can be constrained from measurements
of the ratios of angular coefficients in the process
B - K*¢t¢~, eg., I;/1s, 1;/1; see Eq. (14) in [17] for
the complete list and more details. These angular coef-
ficients are not observable in the dineutrino mode. The
benefit of using these ratios, as opposed to the total rate, lies
in their independence on short-distance physics in the limit
in which the right-handed operator can be neglected. Note
that the angular coefficients become sensitive to the relative
strong phase only in the p? region below and above the
signal region (P cut); see [17]. Data on these coefficients
exist at present only for the signal region [45].

The nonresonant amplitudes can be expanded in terms
of orthonormal functions of the angle 6, resulting in a
distribution that is more complicated than (18), which
arises solely from vector and scalar meson states. Once
higher waves £ > 2 are present, the definition of the
angular observables F; and A{fB(L) becomes more subtle.

Here we use the projections via associated Legendre poly-
nomials P§=1, PY = cos O, PS=1/2(3cos?0x—1) as

1.3

. S+P—cut

P—cut

1.2
<
55 1.1
£
% 1.0}
Q

0.9

0.8

-3 -2 -1 0 1 2 3
d[rad]
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dr I 4T 1 5
_L:/_ <§P8+—P8)dcosél<, (31)

dq? 1 dg*dcos 3
1 d*r 3
b2,2=/——POd 0. 32
(", P%) _1dg*dp®dcos 02 ! oSOk (32)

from which (F ) and A, ) follow as in Egs. (22) and (24),

respectively. In the limit in which only # =0 and ¢ =1
effects are accounted for, one can insert the distribution (18)
into the above formula to recover (21). Consequently, b
probes predominantly S, P-wave interference.

To illustrate the effect of the nonresonant amplitudes we
present in Fig. 6 the contributions to the branching fraction
and (F,), integrated over the high ¢ region, as functions
of the strong phase and normalized to the pure K* case. We
find that the resulting uncertainty in the branching fraction
is significant and can reach up to 20% in the P cut, while in
(Fp) it is smaller, at most at the level of 2.5%.

We quantify the effect of the nonresonant contributions
at high ¢ on the branching ratio in the last two rows of
Table I. The corresponding central value and the first errors
are the same as the corresponding entries for the resonant
contributions (two rows above). The second errors are the
result of the variation of the parameters of the nonresonant
form factors (including the strong phase o) via uniform
distributions, while keeping all other inputs fixed to their
central values. The upper and lower errors represent the
maximal and minimal distances from the central value. The
corresponding predictions for F'; are given in last row of
Table II.

In Fig. 7 we show AK; | for different values of the strong
phase o. Other numerical input is fixed to central values.
While in AK;; the Wilson coefficients C;  drop out in the
£ =0, 1 limit, there is a residual dependence from the
interference of the K* resonance with the D-wave compo-
nents of the nonresonant amplitude. We checked that this
effect is much smaller than the dependence on the strong

1.10

. S+P—cut

P—cut

1.05

1.00} \

095}

(LK™ nn)KFL(K™))

0.90=

d[rad]

FIG. 6. Plot on the left: the ratio of B — (K* + nr)(—Kz)vb to B — K*(—Kn)uv in high-g*-integrated branching fractions as a
function of the relative strong phase §. Plot on the right: the same for F;. We fixed the B — K* form factors and other parametric inputs
to their central values and varied the parameters in the nonresonant form factors via uniform distributions. The boundaries of the bands
correspond to minimal and maximal values obtained in this way. The darker and lighter blue bands correspond to P and (S + P) cuts
(25), respectively.
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FIG. 7. The forward-backward asymmetry AK;, obtained using (32) as a function of p? after high ¢ integration (plot to the left) and
as a function of ¢ after S + P-cut integration (plot to the right) for different phases 6 = 0, +z/2, 7 and other input parameters fixed to
central values. In each plot the longitudinal rate (31) is integrated over the high ¢> region and over p? within the (S + P) cut (25).

phase 6, which allows one to experimentally constrain &.
Note that the corresponding uncertainties from the B - K*
form factors are between 5%—-8%, while the nonresonant
form factors introduce additionally ~15%. Already a rough
determination of ¢ would significantly reduce the uncertain-
ties in the B — K*(—Kr)vw branching fraction; see Fig. 6.

Although presently there is no theory prediction avail-
able for nonresonant decays at low g2, A{§B (L) can be studied

here experimentally as well to constrain the (nonresonant)
backgrounds also in this region.

V. CONCLUSIONS

We revisited the decay B — K*uw, its virtues, and its
uncertainties. B — K*vv data on F; can be used, unlike
B — K*¢*¢~ decays, in the entire ¢’ region to test
B — K* form factors from lattice QCD or other non-
perturbative means in a model-independent way if
right-handed currents can be neglected. The latter can
be tested, for instance, using null tests of the B — K*£ ¢~
angular distribution. The plot to the right in Fig. 1
illustrates the current level of form factor uncertainties.
Probing form factors is limited by the resonant and
nonresonant contributions considered in this work.
They need to be taken into account once the K* is treated
beyond the narrow-width approximation.

We analyzed (i) finite width effects of the K*, (ii) the
effects induced by nonresonant contributions in the region
of low hadronic recoil (high ¢?), and (iii) contributions
from scalar resonances decaying to Kz at low g The
restrictions to the kinematic regions in (ii) and (iii) originate
from the current availability of B — Kz and B — (K}, k)
form factors, respectively.

Our findings are summarized in Tables I and II. At high
g* the nonresonant contributions in the model (30) intro-
duce an uncertainty of O(0.1) in the branching ratio, and at
around a few percent in the longitudinal polarization
fraction F;. It is desirable to check these predominantly
interference-induced effects with either a global analysis of

rare decay data or further theoretical study. On the other
hand, the contributions of the scalar resonances to the
branching ratio in the low ¢ region are small with respect
to other sources of uncertainty and are at most of the order
of 1% in the signal region (P cut) and <4% for the wider
S + P cut. Their effect on F;, is negligible compared to the
uncertainties from the B — K* form factors.

The uncertainties in these backgrounds can be reduced
with better knowledge of the form factors and line shapes.
At high ¢? contributions from the 1430 family of higher
kaon resonances are in addition kinematically suppressed.
For nonresonant contributions at low g> presently no
theoretical calculation is available. The new observable
A5, (24) and (32) shown in Figs. 4 and 7, respectively,
which arises from interference between the K* and the
background amplitudes, can be used to experimentally
constrain hadronic backgrounds efficiently irrespective of
the underlying short-distance model.

Because of the narrower width and absence of
prominent low mass 5s scalars decaying to KK, the
backgrounds in B, — ®(—KK)vr decays are smaller than
in B — K*(—Kr)vv decays. The problem of finite width-
related backgrounds may of course be avoided altogether
with the decay B — Kvw, which, however, allows one to
measure only its differential decay rate proportional to
£e?)|CL + Cal.

There clearly is feedback from b — svp to b — s+ ¢~
transitions and back: these modes are related by form
factors and other hadronic input, as well as by Wilson
coefficients in SU(2),-symmetric SM extensions. On the
other hand, the dineutrino modes are not polluted by
electromagentic effects, and they do probe flavor physics
in a complementary way; notably, third generation leptons
are included and may shed light on ongoing and future tests
of lepton universality.
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APPENDIX A: POLARIZATION VECTORS
Our conventions for the metric and Levi-Civita tensors
are g, = diag(1,—1,—1,~1) and €yo3 = 1, respectively.
The choice of the polarization vectors of the neutrino pair in
the B-rest frame is given by

1 1
¢ =—(0,F1,i,0), & =—=(/4/,0,0,qo),

. 1 .

& = (¢°.0.0.14]). (A1)

Ve

while the components of the four-vector ¢* = (¢°,0,0,]q|),
with |g| = \/A(m%, g*, m%.)/(2mp). The polarization vec-
tors satisfy the conditions of orthogonality and complete-
ness, respectively,

P E :~*M~ _
€m €um’ = Gmm'» €m an,gmm/ = g/u/' (AZ)

m,m'’

The direction of the z axis is opposite to the direction of
motion of the K* in the B-rest frame. Polarization vectors of
the K* meson in this frame read

1
¢, =—(0,%1,i,0), ¢*(0)=——-{(k.,0,0,ky), (A3
:t\/z( ) e(0) = (k:0.0.ko).  (A3)
where k, = —|g|. These satisfy the orthogonality and
completeness relations
. . kHk”
en’llleﬂm/ = _5mm’, Zenfeym/émm’ = _g;ll/_|_ mz 5 (A4)
m,m’ K*

where the indices m = 0, 1, 2, 3 are ordered as m = 1; 0, £,
respectively.

APPENDIX B: FORM FACTORS

The matrix elements of the vector and axial currents
57,(7s)b between the B and the K* mesons with polari-
zation n are parametrized with the standard form factors

V(g®) and Ay 2(q°),

_ 2iV(q)
K*(k, b|B = €uap€s PRk —————,
(K" (ks )[57,D1B(Pi)) = Cuapen’ PER =

(K*(k,n)|5y,75b|B(pp)) = —€5,(mp + mg-)A;(g%)

€Z'q 2
k,)—A
+(pB;4+ /4) mB+mK* 2(q )
2m g~
q
x (A3(q*) = Ao(q%)),  (BI)
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__mp + my
2mK*

mp — Mg+

As(q?) Ay(q?) A(g?).  (B2)

me*

The matrix element for the final state scalar reads

(K§(K)[57,75b|B(pg)) = (P + k), f+(4%) + 4./~ (47).
(B3)

The form factors for B — K{;(1430) are calculated within
QCD sum rules (QCDSR) [33]. In our numerical
analysis we use QCDSR form factors which are para-
metrized as [33]

fi(0)

fil@) = . (B4)
1= a;(q*/mg) + bi(q*/my)?

where a;, b; for i = +, — are fit coefficients. In the limit

of vanishing lepton masses only f (¢*) contributes. The

corresponding parameters are f,(0) =0.31 4 0.08,
a, =081, and b, = 021 [33].

APPENDIX C: NUMERICAL INPUT

In Table III we collect the numerical values of the inputs
used in this paper.

TABLE III. Numerical values of the inputs.

Parameter Value Source
ViVl 0.0401 £ 0.0010 [41]
a,(my) 1/127.925(16) [26]
['(By) (4.333 4+ 0.020) x 10713 GeV [26]
I'(B,) (4.342 £ 0.032) x 10713 GeV [26]
mg; 1425 + 50 MeV [26]
Tk; 270 + 80 MeV [26]
m, 658(13) MeV [27]
I, 557(24) MeV [27]
|gc] [0...0.2] [13]
arg g, [z/2---x] [13]
Sx 130.4 £ 0.2 MeV [26]
fx 156.2 + 0.7 MeV [26]°
I3, 188 + 4 MeV [42]
fs, 224+ 5 MeV [42]
g 0.569 £ 0.076 [43,44]"

“Uncertainties added in quadrature.
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