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We reexamine, update and extend a suggestion we made fifteen years ago for measuring the photon
polarizationin b — sy by observing in B — Kzzy an asymmetry of the photon with respect to the Kzz plane.
Asymmetries are calculated for different charged final states due to intermediate K (1400) and K, (1270)
resonant states. Three distinct interference mechanisms are identified contributing to asymmetries at different
levels for these two kaon resonances. For K (1400) decays including a final state z° an asymmetry around
+30% is calculated, dominated by interference of two intermediate K* 7 states, while an asymmetry around
+10% in decays including final z*z~ is dominated by interference of S and D wave K*z amplitudes. In
decays via K (1270) to final states including a z° a negative asymmetry is favored up to —10% if one assumes
S wave dominance in decays to K*z and Kp, while in decays involving 7"z~ the asymmetry can vary
anywhere in the range —13% to 4+24% depending on unknown phases. For more precise asymmetry
predictions in the latter decays we propose studying phases in K; — K*z, Kp by performing dedicated
amplitude analyses of B — J/w(y')Kzz. In order to increase statistics in studies of B - Kzzy we suggest

using isospin symmetry to combine in the same analysis samples of charged and neutral B decays.
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I. INTRODUCTION

Flavor-changing radiative B meson decays provide
important tests for the standard model. A crucial feature,
which has not yet been tested experimentally in these
processes, is the dominantly left-handed polarization of the
photon in b — sy. In several extensions of the standard
model the photon in b — sy acquires a sizable right-handed
component due to chirality flip along a heavy fermion line
in the electroweak loop process [1]. A very early test for
probing the dominantly left-handed photon polarization
through time-dependent CP asymmetries, induced by
interference of a large left-handed » amplitude and a small
left-handed b amplitude, was suggested in Ref. [2] and
pursued experimentally by the BABAR [3] and Belle [4]
Collaborations. Several years later a second test, reminis-
cent of a method measuring the tau neutrino helicity in
T — av,,a; — pr [5,6], was proposed based on measur-
ing final particle momenta in B%* — Kzzy [7,8]. The
photon polarization, a parity-odd quantity, was shown to be
related to an asymmetry between the number of photons
emitted in the two sides of the plane defined by Kzz in their
center-of-mass frame. Since this asymmetry is odd also
under time-reversal, a potentially large asymmetry requires
that the decay amplitude acquires a nontrivial sizable phase
due to final state interactions. Such a large calculable phase
was shown to be produced in B* — K°z* 7% and B —
K* 7~ % by two interfering amplitudes involving K** and
K*V intermediate resonances [7,8].
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A calculation of the decay B — K,(1400)y — Kzz'y,
through interfering amplitudes for intermediate K*°z and
K**r states, was shown to lead to a sizable integrated
asymmetry around 34% [7,8]. The feasibility of observing
such a large asymmetry in future experiments has been
discussed in this work, assuming a branching ratio B(B —
K (1400)y) = 0.7 x 1075 as estimated in some models [9].
The process B — K;(1270)y, observed a few years later
with a considerably larger branching ratio [see Egs. (3)
and (6) below], was studied subsequently [10] under
model-dependent assumptions about the strong decay
K,(1270) - Kzr, thereby introducing a considerable
uncertainty in the polarization analysis [11]. Quite recently
the same authors proposed an alternative approach for
obtaining this hadronic information by studying the
process B —» J/wK, — J/wKzr in parallel with B —
Ky — Kzry [12]. A photon polarization analysis combin-
ing contributions from several kaon resonances with J¥ =
1*,17,2" has been outlined in Ref. [8], but would have to
be treated further by experimental methods due to its
complexity.

The purpose of this paper is to reexamine the situation in
B — K,(1270)y — Kzzy while drawing a comparison
with B — K(1400)y —» Kzzy which we studied only
partially in Refs. [7,8]. In contrast to Ref. [10] which
applied a quark pair creation model for describing the
strong decay K;(1270) - Kzz, our approach will be
purely phenomenological using as much information as
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possible from experiments. We will discuss a few sources
for the photon up-down asymmetry with respect to the K,
decay plane, that are related to different types of interfer-
ence occurring in K, decays.

In Sec. II we summarize the current relevant experi-
mental data, including branching ratios and certain final
state interaction phases for K; decays to K*z and pK
leading to Kzz final states. A detailed derivation of
relations between covariant and partial wave amplitudes
describing the latter processes is presented in Sec. III in
order to resolve a discrepancy between relations used in
Refs. [7,8] and Refs. [10,11]. General expressions for
decay amplitudes of K| — Kzz are obtained in Sec. IV,
distinguishing between hadronic final states involving
a7~ and 7= 7°. The photon up-down asymmetry in B —
Krmy with respect to the Kzz plane is calculated in Sec. V
for these final states, separately for intermediate K (1400)
and K (1270) resonant states. We discuss the role of three
potential sources for an asymmetry. Section VI uses
approximate isospin symmetry in radiative B decays to
suggest combining charged and neutral B — Kzzy decays
in order to increase statistics in studies of the photon
polarization. Finally we conclude in Sec. VIL

II. EXPERIMENTAL SITUATION
A. B - Krny

Following the suggestions made in Refs. [7,8] for
measuring the photon polarization in B — Kzzy several
experiments reported measuring these processes. Inclusive
branching ratios were measured in four charged modes,
B* - Ktanty, B® - K°2T 27y, Bt - K°z+7z% and
B — K*z~ %, for an hadronic invariant mass m(Kzx)
in a range between 1 GeV/c? and 1.8 or 2 GeV/c?. Both
the Belle [13,14] and BABAR [15] collaborations have
observed the first two charged and neutral B decay modes
involving a pair of charged pions resulting in the following
averaged branching ratios [16]:

BBt - Ktz nty) = (2.76 £ 0.22) x 107>,
B(B® - K’z z7y) = (1.95 £0.22) x 107, (1)

BABAR has also measured branching ratios for decay
modes involving a neutral pion [15]:

B(B* = Kzt 2%) = (4.6 £ 0.5) x 107,
B(B® - K+~ ') = (4.1+£04)x 105.  (2)
Exclusive radiative BT decays involving the charged
kaon resonance K (1270) decaying to K*z~z" have been

reported by Belle [14],

B(B* — K{(1270)y) = (4.3 + 1.3) x 10, (3)
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Radiative B decays to K3(1430), first reported by the
CLEO collaboration [17],

B(B — K3(1430)y) = (1.7£0.6) x 1075, (4)

were observed subsequently by BABAR at a similar
rate [18],

B(B* - K57 (1430)y) = (1.4 £ 0.4) x 107,
B(B® — K3°(1430)y) = (1.24 £ 0.24) x 1073, (5)

We note that so far none of the Kzzy modes observed by
Belle included a z° in the final state, in contrast to several of
the above measurements by BABAR. Belle also obtained
upper bounds at 90% confidence level for decays involving
K/ (1400) to final states including z*z~, using only about
18% of their final data set [14],

B(B* — K (1400)y) < 1.5 x 1075,
B(B® — K9(1400)y) < 1.2 x 1075 (6)

These upper bounds are a factor of two larger than the
branching ratio assumed in Ref. [7].

A first attempt for measuring the photon polarization
in B — Kzny was made by the LHCb collaboration
[19,20]. Nearly 14,000 signal events were reconstructed
in the all charged mode B™ — K™z~ x"y. The formalism
developed in Refs. [7,8], extended to include interference
of a few kaon resonances, was applied to decay distribu-
tions for four Kzz mass intervals in the overall range
1.1-1.9 GeV/cz. The final result, a nonzero up-down
asymmetry at 5.2, was insufficient for providing a
significantly quantitative measurement of the photon
polarization.

B. K, - Knr

An analysis of the photon polarization in B — Kzzy via
intermediate K;(1400) and K(1270) resonances requires
knowledge of branching ratios for these kaon resonances
decaying into K*z and pK states, and of magnitudes and
relative phases between corresponding partial wave decay
amplitudes. The situation in decays of K;(1400) is
described in Table I. This information is based solely on
a thirty-six-year-old experiment [21] performing a partial
wave analysis for J” = 17 Kzr states produced by K~ p
diffractive scattering with couplings to K*7 and pK in both

TABLE 1. Branching fractions and particle momenta for the
main decay modes of K;(1400) [16].

Mode B FD/FS 6DS [21] |ﬁ| (MeV)
Kz (94+6)%  0.04+0.01 ~260° 401
pK (3+3)% 291
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TABLE II.
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Branching fractions and particle momenta for the main decay modes of K,(1270) [16,22].

Mode B [16] I'p/T [16] dps |p| MeV) B Fit 1 [22] B Fit 2 [22] Average
pK (42 +6)% e 46 (57.3+£3.5)% (58.4 £4.3)% 57.9%
K*r (16 £5)% 1.0£0.7 302 (26.0 +2.1)% (17.1 £2.3)% 21.6%

S and D waves. In addition to measuring the ratio of S and
D wave K;(1400) branching ratios into K*z, some

tantalizing information, 8\k:™ ~ 260°, ag ~ 40°, has been
obtained for two relevant phases, between K*z S and D
partial wave amplitudes and between S wave amplitudes for
K*n and pK, respectively.

The situation in decays of K;(1270) is displayed in
Table II. The left-hand side is based on the same K~ p
scattering experiment [21], while the right-hand side quotes
results obtained much more recently by the Belle
Collaboration through an amplitude analysis determining
the resonant structure of the K*z~z* final state in Bt —
J/wK*z~xt [22]. The difference between the K, (1270)
decay branching ratios obtained in these two different
methods seems to be associated with a third decay channel
of K,(1270) involving K{(1430)z, for which a sizable
branching ratio of (28 £4)% was claimed in [21] in
contrast to a negligible branching ratio around two percent
reported in [22]. A rather crude measurement exists for the
ratio of S and D wave branching ratios into K*z [21].
However no direct information exists on two relevant
phases, between K*z partial wave amplitudes and between
S wave amplitudes for K*z and pK. A relative phase
around ¢ (pK) — p(K*n) ~—40° has been measured
between total pK and K*z decay amplitudes [22].
Assuming that these two amplitudes are dominated by
an S wave, this would imply ag ~ —40°.

III. COVARIANT AND PARTIAL
WAVE K, - K*npK AMPLITUDES

The amplitude for an axial-vector meson decaying to a
vector meson and a pseudoscalar meson has two equivalent
descriptions, in terms of two covariant amplitudes and in
terms of S and D partial wave amplitudes. The polarization
analysis for B — Kzny is based on covariant amplitudes
[7,8] while data are given in terms of partial wave
amplitudes. In this section we will prove relations between
these two descriptions which will be used in our forth-
coming analysis. While these relations were given briefly in
Refs. [7,8], different relations have been used by the
authors of [10,11] quoting Ref. [23] with no detail. Here
we wish to settle this discrepancy by proving these relations
in some detail.

Consider, for instance K; — K*z. The covariant ampli-
tude for K| (p,€) = K*°(p', € )a"(p,), involving particles
with four-momenta p, p’, p, and polarization vectors ¢, €',
is given by:

MY =Agp(e-€) + Bgle pa)(€” - pr). (7)

In the K, rest frame (p = 0) we define z as the direction of
the K* momentum, while the pion moves in the direction
—z. The three possible initial spin-one K states involving
spin projection 4 = +1,0,—1 along z are denoted |1, 1).
The three polarization vectors ¢ and ¢ for these three states
A==+1,0 are

A=1lie=¢ = <0,—\/%(a +i52)), (8)
A=-lie=¢ = <o, \g(a - i52)>, (9)

A

€/

0: e=(0,&),
(lﬁﬂ'/mK*’ (EK*/mK*)E3>- (10)

For A =1 this is the form of € in the K rest frame. The
same form in this frame, identical to its form in the K* rest
frame, applies to ¢’ because a Lorentz transformation along
z does not change the x, y components, mixing only the ¢, z
components. For 4 = 0 €’ is obtained from ¢/(K*) = (0, €3)
in the rest frame of K* by a Lorentz transformation to the
rest frame of K| using y = Ex+/mg+,yf = —|p.|/mg-,

[€0(K*) = pe5(K™)] = [Pal/mg-
[€3(K*) = peo(K™)] = Eg-/my-. (11)
We note that the transversity condition ¢’ - p’ = 0 is satisfied

for all polarization states 4 of the K* meson. In particular, for
A = 0 we have, using p'(K*) = (Eg-, |p,|€3),

p'(K*)-€'(K*) = Eg:|py|/mg- = |Pr|Eg+ /mg- =0. (12)

The covariant decay amplitude (7) can now be calculated
for these three polarization states:

1 . N -
A==l1: (e-€*) = _5(61 tiey))(e; Fiey) =—1;

€ Pr = 0= M/llzjzl = _AK*ﬂ' (13)
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Ey: o
A=0:e-e* === e p, =Pl
m
e Pp= Erzlﬁnl + EK* ﬁn: _ mKl'ﬁﬂ'|
M~ Mg+ Mg
Ex mg | P
= M= —Ag 2 4 B,(*,,M (14)
M g+ M g+

Let us now write decay amplitudes for the three
polarization states |1, 4) in terms of amplitudes for S and
D waves, L =0, 2, noting that the angular momentum
states carry L, =0 (m = 0) for K* and 7z moving in £z
directions. Using SU(2) Clebsch-Gordan coefficients
(10; 14]14) and absorbing a factor 1/+/5 in the definition
of the D-wave amplitude, we have:

ML =(00;1+ 1)1 £ 1)cE™
1 (20;1 £ 1|1 + 1)V5CE™
&m L ~kn)

=cfm 4 —_ i, 15
S \/z D ( )

M!_, = (00;10]10)C*™ + (20;10]10)v/5CHE ™
=" —vack), (16)
Squaring magnitudes of these amplitudes and averaging

over the three polarizations states of the K; meson, one
obtains

1 ‘n ‘n
3 2 IMIP =168 P+ e

3 A=0,%1

? (17)

implying a decay rate

1
2
8wmy,

* K'n K*n -
I(K, - K'z) = (ICE P+ 1C P P)BLl. (18)

Comparing Eqs. (13) and (14) with (15) and (16) one
obtains

* 1 “r
~Agey = CEP +ECE)K ), (19)

my. | Pel? oy [(Exe
B &, Pl :CgKﬂ)<m_K_1>
o

1 _xm (Ex
+—ci¥ >< K +2>, (20)

M g

or
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- oy (Ex — mg-
Bi? = ¢ <—K - )
mg

_BK*n'

1 tkem (Exe + 2mge
() e

These relations agree with those applied in Refs. [7,8] using
a different convention for partial wave amplitudes. [The
amplitudes Cél’(D”) are related to cg p occurring in Eq. (20)
* * 5|2
of [8] by C§” = —cg and € ™) = —v2, ¢ |
While the expression for A g+, agrees with the one quoted
by the authors of Ref. [10], these authors used a different

relation for By« ,. Their Eq. (27) reads in our notation [24],

R Ey- . « — Ep
B (e 52)
M~

1 om (Mge + 2E .
+ﬁcg( )<mK+7K>} (22)

We find that this relation is in disagreement with (21), and
is therefore incorrect.
Relations similar to (19) and (21) apply to K| — Kp:

1

_BK*zr

1
—Ag, = CKP 4 5 i) (23)
N E,—m, 1 E, +2m
—BKp|pK|2 = C(SKP) <_ﬂmK_/> =+ % CS)K/)) (7/) iy p).
! 1
(24)

IV. DECAY AMPLITUDES FOR K, —» Kan

The two pairs of processes in Egs. (1) and (2) obtain
contributions from K;(1270) and K,(1400) resonances.
The decays of these resonances to different Kzz charged
modes may be divided into two distinct pairs distinguished
by their intermediate resonant decay channels [8]. The first
pair involves two single decay channels into K*z and Kp,

K*O +
K - { K+”0 } - Ktz (25)
P
Kt~
oo {ET)rer o
p

while the second pair obtains contributions from two
interfering K*z decay channels in addition to a single
Kp channel,

K*+ﬂ.0
K*OnHr

K0p+

K - — K" 2", (27)
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Kt n~
K*O ”O

Ktp~

KY — - Kta 0. (28)

The decays of K| and K within each pair are related to
each other by isospin reflection u <> d, (d <> —it), imply-
ing equal momenta-dependent amplitudes in the isospin
symmetry limit:

AKf - Kt at) =AK) - K°ztz™),  (29)
A(K{ - K'z72°) = A(K) - KTz=2%).  (30)

These two amplitudes, for final states characterized by two
charged pions in one case and by a pair of charged and
neutral pions in the other, will be studied separately. Only
the second pair of amplitudes has been analyzed for
K{(1400) in Refs. [7,8].

A. Decays involving two charged pions
K{ — K*n"n’*,K‘l) > K'zn*n~
The K*z* contribution to the decay amplitude for
K{(p,e) = K" (p3)x*(p;)n~(p,) is obtained by convo-
Iuting the amplitude (7) with the amplitude for
K — K*n~,

A(KY - K*77) = ggega€ - (P2 — p3). (1)

including a Breit-Wigner propagator for the K*,

w (P24 p3)' (P2t p3) BE)
g m2 23 >
K*
K . _
B<23 ) = (523 —m%. — img-Tg )7L,

523 = (p2 + p3)* (32)

A similar contribution due to K| — K*p% p° - ztz~
involves invariant amplitudes A g, B, describing K; —
Kp, the strong coupling g,,, and a Breit-Wigner propagator
for the p, B(lpz)z(slz—mlz,—impl“p)‘l. Specifically, we
define the amplitude

A(po - ”+”_) = g/)mrel : (pl - p2)' (33)

Adding these two contributions and neglecting a non-
resonant term (which is justified in K;(1400) more than in
K (1270)—see Tables I and II and the last sentence in a
paragraph below Table VII), the total covariant amplitude
for K{(p.€) — K*(ps)x* (p1)a~(p,) is given by

M =C(e-p1)—Cyle- pa), (34)

where

PHYSICAL REVIEW D 96, 013002 (2017)

TABLE III.  Up-down photon asymmetry A in B — K%z+z%
from intermediate K;(1400). The asymmetry A, neglects a con-
tribution of a pK amplitude as described in the text. For the total
asymmetry we use ag = 40°, a value favored by the analysis of [21].

5(1(*”)

(dogreesy O 45 90 135 180 225 270 315

Aa 0.30 0.21 0.14 0.14 0.19 028 0.34 0.35
Amml 0.30 0.21 0.15 0.14 0.20 029 0.35 0.36
C;, =¥ L c®)(i=1,2), (35)

K* K*
C(l z) = gK*Kﬂ'Bgfi ){AK*E +BK*n'p1 : (pZ _p3)

m2 —m2
I M = Be((p ) —m,%n},
mK*

K,
C(l "= g/nt(llg) [AK/) - BK/)(p “P1=p-pa)l;

CgK*”) = _gK*KﬂB§§*> (ZAK*A')’

CéKp) = _gﬂnﬂggg) [Ak, + Bk, (P - p1— P p2)]- (36)

The four scalar products of two momenta in (36), p; - p»,
Pi - P3, P p1and p - po, may all be written in terms of 53
and s,3. That is, C; are functions of these two variables and
the decay amplitude has the explicitly covariant form

M = C (513, 523)(€ - p1) = Ca(s13,523) (€ p2).  (37)

B. Decays involving a neutral pion
K{ - Kon'*n'o,K(l’ >K*tn x®
In these decays the amplitude has the same structure
as (34),

M = C/l (513, 523) (€ p1) = C/2(513’523)(€ “p2), (38)

with two contributions to C} , from K*z and K*"x and one
contribution from Kp*. The overall contribution from K*z
is antisymmetric under the exchange of the two pion

momenta and, using isospin, is expressed in terms of the
(K*m)

same quantities C; given in (36):

=Ll = e )l (39)
The single contribution from Kp is
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C. Experimental information on ratios of amplitude

In the next section studying the photon polarization in
B — Ky,K; — Kzr, which depends on interference of
amplitudes, we will need ratios of certain quantities which
we calculate now.

The strong couplings gk, and g,., occurring in (36)
(for which we used a slightly different convention in [8])
are obtained from the K* and p widths. Using

2
(K - Ktn) = ng*B(K* - Kn)

6 |gK Kﬂ'| |p7r| ’ (41)
Tm K*

1 -
r B(p g 7777) = W |g/)7m‘2|p7r|3’

P

P’ > ztn) =
(42)

where 'y = 51 MeV, T', = 150 MeV, |p,
289 MeV, |7,|

K*>Kr —
= 364 MeV [16], we calculate

porT

|Gl
|gK*Kﬂ|

=1.29. (43)

This compares well with an SU(3) prediction

o /2. (44)

9K Kn

The quantities Ag-,, Bg+,, Ag,, Bk, in Egs. (36) may be
obtained from § and D wave amplitudes measured in

K — K*z* and K| — K*p° decays, denoted Cglg”) and

C*) using Egs. (19) (21) for the first process and (23)
(24) for the second. Branching ratios for K; - K*zn
and K| - Kp summed over all charged modes and
corresponding ratios of decay rates for § and D waves
were given in Tables I and II for K, (1400) and K,(1270),
respectively. We will denote by 52’?”) and 5@’? ) relative
phases between S and D wave amplitudes in K| — K*%z"
and K| — K*p°, respectively, and by kg and ag the
magnitude and phase of the ratio of § wave amplitudes
for these decays,

Kz (K*m) (K*m)
ops” = arg(Cp 7/ C5 ),
5y = arg(C"/C57),
K.Sezas = CSKP /CgKW) (45)
Ratios of amplitude will now be calculated separately for
K(1400) and K(1270) applying Egs. (19) 21) to K| —

K*z* and (23) (24) to K| — K*p°. Meson masses will be
taken from [16].

013002-6
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() K,(1400)
Using |CX ™ 2/|c& P2 20,04 £0.01 and since

the branching ratio K; — pK is very small, we
calculate:

By, 038+ 1.73¢ns"

= 5 (46)

Akn  140.14es”

B 045 + W7/ c\k?)
X — +Cp / ~0.45,  (47)

Aky  140.05CHE? /i)
The ratio |C”'|/|C\* ™| may be obtained from

B(K) — [Kpls) _ 2|C§™" Pl
B(Ky = [K'zls)  |c{ 7 P|5,

implying together with (43) and assuming a central
value B(K; - Kp) = 3%,

gpzm C(Kl’)
9K*Kn C(K* )

Kg = = 0.19¢s. (49)

[The relative phase ag between the [K*7] and [pK]
amplitudes was quoted as 20° < ag < 60° in [7,8],
following the ACCMOR paper [21].] The factor of 2
on the right-hand side of (48) is due to the specific
choice of the modes K| — K*%z" and K| — p°K*

used to define the couplings CgKm and Cgf’ ) while
the branching ratios on the left-hand side are for final
states summed over all charges.
(i) K,(1270)

Taking the central value in |Cl} 72/|C ™2 =
1.0+ 0.7 and assuming that S wave dominates
K| — pK because of an extremely small available
phase space, we find:

By, 043+ 16.6¢s "

= .(K*m ’ (50)
Az 140710
B
—Kr —051. (51)
Ak,

Using for branching ratios of K; - K*z and K; —
Kp averages of the two Belle fits in Table II, we
calculate

g/)ﬂ][ C(Kp)

= 5.42¢'%. 52
9Kk*Kn C( 52)

Ks =

A relative phase ¢p(pK) — ¢p(K*x) ~ —40° between
total amplitudes has been measured by the Belle



REEXAMINING THE PHOTON POLARIZATION IN ...

collaboration [22]. However, translating this into a
constraint on ag requires information about the
partial wave amplitudes which is not available.

V. PHOTON POLARIZATION AND ASYMMETRY
IN B —» Kany

We have shown that the decay amplitude for
K, (p=0,6)—z(p,)n(p)K(p3) in the K| rest frame has
the general structure

Miest = C1(513,523) Py €= Cs(513,523) P - €=J €, (53)

where

-

J=C (S13’ S23)131 - C2(3137 S23)ﬁ2- (54)

Considering now B — Ky followed by K; — Kzz we
wish to study the angular distribution of the photon with
respect to the K; decay plane as function of the photon
polarization. For completeness we will derive this relation,
although some parts of the derivation can be found in
Refs. [7,8]. One reason for presenting this complete
analysis is correcting a sign error in defining a specific
direction in this previous work.

Working in the rest frame of K;, we take the photon
momentum 13'7 along the —z direction, and the B meson
momentum along the +z direction. There are two ampli-
tudes for B — Ky decays, corresponding to left- and right-
handed photons

My =AB - Kyy), Mp=AB - Kyg). (55)

Defining the photon polarization parameter,

2 2

, = |MR|2 |-/\/lL|2 ) (56)
(Mgl* + M|

we would like to determine 4, through the angular

distribution of the decay products of the K; meson.

The amplitude for B — Kzzy; y is proportional to the
decay amplitude K(p,e) - Kzn with € = ¢, ; corre-
sponding to the transverse polarization states |1 =7 1)
of the K; meson in its rest frame [see Egs. (8) (9)],

A(B - K””J’L,R) = ML,R(chl f)

1 .
= :t\/_EML,R(Jx FiJy). (57)

Squaring the amplitude,
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- 1 . e e
|A(B - I<77"7T}'L,R)|2 = E |ML,R|2(Jx + l‘ly)(]x + lJ_v)

1
= 5 |ML$R|2{|JX‘2
+[4,2 F 20m(7,75)}, (58)

and summing over the two photon polarization states, one
obtains

Z |A(B = Kzry,)|?

A=L.,R
1
= S UMLP + [MePH(VL + 17, P) + 24, Im(J,J3)].
(59)

We denote by it = (p, x p,)/|p1 x P, the normal to the
K, decay plane defined by the two pions momenta. The
orientation of the Kzz plane with respect to the (&,.2,.¢,)
axes is determined by three Euler-like angles (6, ¢, ). The
polar angles (6, y) define the orientation of i with respect
to &, such that cosd =¢é,-n, and the third angle ¢
parameterizes rotations of the Kzz plane around 7. The
intersection of the Kzz plane with the (&, é,) plane is the
nodal line, and its angle with respect to &, is . We denote
unit vectors in the Kzz plane by (é;, &,) such that &; = 7,
and define ¢ as the angle between the nodal line and é;.

The vector J lies in the (&;, &,) plane. Its components in
the (é,, &, ¢,) coordinates can be expressed in terms of the
angles introduced above:

J, = (Jicos¢p+ Jysing)cosy
— (=Jsing + J, cos @) siny cos 0,
Jy = (Jy cos¢p + J, sin @) siny
+ (=J; sing + J, cos ¢) cos y cos 0,
J, = (=Jsing + J, cos ) sin6. (60)

These equations are obtained by noting that the projections

of J in the Kzz plane, J; along the nodal line and J
perpendicular to it, are

Jy=Jicosp + J,sing,
J, = —=J;sing + J, cos ¢. (61)

The components along the (&, é,) directions are
Jy = Jjcosy —J sinycosb, (62)
Jy = Jysiny + J | cosy cos 6. (63)

Substituting (61) in these relations leads to (60).
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Using

L2+ P =P =1,

g (64)

and averaging over ¢ implies for the first term in (59),

1 [2= - R 1
—/ dp(|J* +|J,?) = |2 1 — =sin26
27 Jo ) 2

7121 4 cos20). (65)

1
2
The second term multiplying 4, is

Im(J,J5) = Im(J} J )cos*y cos @ — Im(J;1J | )sin*y cos 6
= 2Im(J,J% ) cos @ = 2Im(J,J;) cos @

= Im[a - (J x J*)] cos 6. (66)
Thus, after averaging over rotations in the K7z decay plane
(angle ¢) and around the e, axis (angle y), the decay
distribution in the angle 8 is given by

dr

- = C , fz 1 29
ds3dsy3d cos O (813, 523){|7]7(1 + cos°6)

-

+2,2Im[f - (J x J*)] cos 6} (67)

The second term in this decay distribution is sensitive to
the photon polarization parameter 4,. Its contribution can be
isolated by forming an up-down asymmetry with respect to
the angle 6. At each point (s3,5,3) in the Dalitz plot
one may define an up-down asymmetry with respect to the
e, axis

A(siz. 523) = l /md O
§13, 523 _ﬁ/(dsl3d323) 0 cos dsl3dS23dCOS(9

7 dr
— dcos——— ).
/1/2 o8 ds3ds,zd cos 9)

We have seen in (39) that for Kz final states including a
7° the overall contribution from the two K*7 intermediate

states to C;,, which enters the definition of J in (54), is
antisymmetric under an exchange of the two pion
momenta. Consequently the interference of the two K*x
contributions, which for an intermediate K,(1400) is a
dominant source for a photon up-down asymmetry in
B — K’y (see next subsection), is antisymmetric under
§13 <> S»3, and thus vanishes when being integrated over
the entire Dalitz plot. For this reason one redefines a
slightly modified integrated up-down asymmetry by multi-
plying the numerator with sgn(s;3 — s,3) which is also
antisymmetric in (sy3, $23),

(68)
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ie_ ! n(sy3 — $53)Im(a - (J x J*
A =§<|j|2>2ﬂy<5g (513 = s23)Im(72 - (J x J7)))
_ 3sen(sis = s)lm(a- (< T))) 69
1 (7P) ’ )

The angular brackets denote integration over the Dalitz
plot, (---) = f -+ -ds13dsy3. This asymmetry may be for-
mulated also as an up-down asymmetry with respect to an
angle 6 defined by cos 6 = sgn(s; — 5»3) cos 6, where @ is
the angle between é, and the normal to the plane deter-
mined by ﬁfast X ﬁslow [25]

A. Three mechanisms for a photon asymmetry

Given the expressions of C;(s;3,s,3) occurring in
amplitudes for K; — Kzz decays and the experimental
information about these amplitudes as described in Sec. IV,
we are now ready to calculate the photon up-down
asymmetry with respect to the Kzz decay plane.

As mentioned in the introduction, a nonzero up-down
asymmetry which is odd under time-reversal requires two
interfering amplitudes with a nonzero relative phase due to
final state interactions. We identify three types of interfer-
ence which involve such potential phases:

(1) (a) Interference of amplitudes for two K*z
intermediate states. Such interference, involving
K9t Ktz and K2°,K**z= in K| -
Ko7z"7z° and KY — K*z~n° respectively, occurs
only in decays involving a final neutral pion. The
amplitude for these K — Kzz° decays is given in
Sec. IV B. The relevant strong phase originates in an
overlap of two isospin-related Breit-Wigner K*° and
K** resonance bands in the Dalitz plot. The con-
tribution of this interference to the asymmetry
includes also interference of S and D wave K*x

amplitudes which depends on 5(DK*”> and vanishes for
5531?”) = 0. We denote an asymmetry from interfer-

ence of this kind by A,.

(i) (b) Interference between K*z and Kp amplitudes.
Such interference occurs in all K; - Kzz decays
including both K| - K*zt72~,K) - K°z" 7~ and
K§ - K°zt2° K9 — K*2~ 2. This contribution to
an asymmetry is affected by an overlap in the Dalitz
plot of the K* and p bands and depends on the two

5(K*ﬂ)

relative phases 6"’ and ag. We denote this con-

tribution to an asymmetry by .Ap.

(iii) (c) Interference of S and D wave amplitudes in
K, — K*z. This kind of interference occurs in all
four K; — Kzz charged modes. Because of an
assumed negligible D wave amplitude in K; —
Kp due to very limited available phase space (in
particular in K (1270) — Kp), we neglect a similar
interference in these decays. The interference
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between S and D wave K*z amplitudes does not
depend on overlapping bands in the Dalitz plot and
on ag. The resulting asymmetry depends on ag

(through the asymmtry denominator) and on 55)1{5*@

(K*x)

and vanishes for 6, = 0. This contribution to an

asymmetry will be denoted A..

Results will now be presented for up-down photon
asymmetries with respect to the Kzz decay plane, which
we calculate separately for decays involving K (1400) and
K/ (1270) resonant states. In addition to total asymmetries
we will present asymmetries due to interference of type
(a) in decays involving a final neutral pion, and due to
interference of types (b) and (c) for decays involving a
#tx~ pair. We point out that the total asymmetry in the

latter decays is the sum Atotal = Ab + .Ac, in which A, and

A, depend on both 5Ds ) and ag.

B. Photon asymmetry due to B — K;(1400)y

1. B* - K'zn*n% and B — K*z~ "

Table III shows total asymmetries and asymmetrles of
type (a) calculated for a large range of phases 625 ),
assuming for the total asymmetry a value ag = 40° favored
by [21]. We note that in decays involving a final state z° the
total asymmetry is completely dominated by interference of
type (a) of two amplitudes for two K*z intermediate states
and is therefore practically independent on ag. This follows
from the dominance of the K*7 mode and the negligible
K(1400) decay branching ratio into Kp. The asymmetry
;\mtal =0.30 at 5%’(;”) =0 is purely due to an overlap of
two equal strength (by isospin) Breit-Wigner K** and K**
bands in the Dalitz plot. Using a value of 6531?”) around
260°, as indicated by the partial wave analysis performed in
Ref. [21], one expects a slightly larger asymmetry of
34% [7,8].

2.B* > K*n*zx~y and B®

Table IV presents asymmetries of types (b) and (c)
and total asymmetries for the same range of values of 55)1?,;)
as in Table III, assuming ag = 40° as mentioned above
and |C¥™)/|Ic®™| =02 (See Table 1) The total
asymmetry is seen to be dominated by terms of type
(c) due to interference of S and D wave amplitudes in

- K'z*ny

PHYSICAL REVIEW D 96, 013002 (2017)

K,(1400) - K*z, while terms of type (b) originating in
interference between K*z and Kp amplitudes are negli-
gible. This can be traced back to the very small Kp
branching ratio of K; decay which is completely dominated

by K*z. (See Table 1.) While for arbitrary 8y the total
asymmetry may be positive or negative, it is predicted to be

about +10% for 8™ ~260° which is favored by the
analysis in Ref. [21].

C. Photon asymmetry due to B — K;(1270)y

1. B* - K'z2* 7' and B® - K*z~n'y
Table V shows total asymmetries and asymmetries

of type (a) due to interference of amplitudes for two
K*z intermediate states for BT — K°z* 7%y decays via

K(1270) as functions of 6531(;”). The total asymmetry is
predicted to lie in a narrow range between —7% and —10%,
considerably smaller than the corresponding asymmetry via
K (1400) given in Table III. While the latter was shown to
be positive the former is negative. Unlike the situation we
encountered with K;(1400), the total asymmetry via
K(1270) is not dominated by interference of type (a).
This can be traced back to the small branching ratio of
K (1270) decay into K*x relative to its considerably larger
decay rate into pK.

2.B* > K*n*zn~y and B°
Table VI shows photon asymmetries calculated for
B" - K*ntz7y from intermediate K,(1270) assuming

- K'z*ny

ICK /18P = 1. In the absence of experimental
information on 5(5?”) and ag we varied these two phases

over their entire range of 0° — 360° searching for an overall

range of A,. The asymmetries presented in the table
correspond to four cases: The largest positive and negative
total asymmetries, +24% and —13%, a vanishing total
asymmetry (obtained also for other values of the two
phases) and a fourth case involving arbitrarily chosen
two phases of 30° each. In Table VII we present asymme-

tries assuming |C\X ®|/|C™| = 0.2, calculated for the

same four pairs of phases (52’?”), ag) as in Table VI. We

also found two extreme values of the total asymmetry,
+15% and —13%, obtained for phases (270° 135°) and
(90°,315°), respectively, and asymmetries < 1% obtained

TABLEIV. Up-down photon asymmetry A in B — K* "7~y from intermediate K, (1400). Asymmetries A, and A, are defined in
the text. The asymmetries are calculated for ag = 40°, a value favored by the analysis in [21].

5D (degrees) 0 45 90 135 180 225 270 315
A, 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00
A 0 -0.07 ~0.10 -0.07 0.0 0.07 0.10 0.07
A 0 -0.07 ~0.10 -0.07 0.01 0.08 0.11 0.07
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TABLE V. Up-down photon asymmetry in B* — K’z 2%
from intermediate K,;(1270). The asymmetry A, neglects a
contribution of a pK amplitude as described in the text. For
the total asymmetry we assume ag = —40°, an approximate value
obtained from Ref. [22] by assuming S wave dominance of
K,(1270) decays to K*z and Kp.

(K*x)
Ops
(degrees) 0O 45 90 135 180 225 270 315
A, 0.02 —0.00 —0.04 —0.10 —0.05 0.08 0.06 0.04
Aioal —0.09 —0.10 —0.10 —0.10 —0.07 —0.07 —0.08 —0.09
TABLE VL. Up-down photon asymmetry in B - KTz 77y

from intermediate K (1270) assuming \CE)K*”)|/|C<SK*”>\ =1.The

asymmetries A, and ./Zlc are defined in the text. A full range of

(K*7)

values for fltmal is calculated for selected values of 6;¢"" and as.

(5%?”),(15) (degrees) (90.0) (270, 270) (225, 135) (30, 30)
A, -0.05 —0.08 +0.12  —0.05
jlc —0.08 +0.08 +0.12 -0.02
Awtal —0.13 +0.00 +0.24 —-0.07
TABLE VII. Up-down photon asymmetry in B — K"z 77y

from intermediate K,(1270) assuming |C'X ™|/ |C(5Kx”>\ =0.2.
The asymmetries A, and A, are defined in the text. Asymmetries
are calculated for the same four pairs (52?”% ag) as in Table VL

(659 ag) (degrees) (90, 0) (270,270) (225, 135) (30, 30)

jb -0.05 —0.08 +0.09  -0.04
je —-0.05 +0.05 +0.05 —0.02
A -0.11  —0.03 +0.14  -0.06
for other values including a continuum range

(90° — 135°,90° — 135°). We checked that a nonresonant
K decay amplitude proportional to ¢ - (p; + p,), in phase
with the K*z amplitude and with equal rate [22], has a
relatively small effect on the total asymmetry.

We conclude that without further phase information about
ag and 553K*”) the total asymmetry can have any value ranging
from —13% to +24%. Typical contributions of asymmetries
of types (b) and (c) have comparable magnitudes which may
enhance or cancel each other in the total asymmetry.
Comparing the entries in Tables VI and VII shows that for

certain phases the value of |Cl¥ ™| /|C(SK*”>| may have a
significant effect on the photon asymmetry.

VI. ISOSPIN SYMMETRY IN B — Kany

We have pointed out that the two pairs of strong decay
amplitudes of K| — Kzz and K9 - Kzz in Egs. (29) and

PHYSICAL REVIEW D 96, 013002 (2017)

(30), for final states related by isospin reflection u <> d, are
equal in the isospin symmetry limit. Does a similar relation
hold approximately for corresponding weak decay ampli-
tudes B* — Kzzy and B® — Kzmy?

Isospin breaking in radiative B meson decays has been
studied in the literature and found to be small. For two
recent brief reviews including theoretical and experimental
references see Refs. [26,27]. Isospin asymmetry at a level
of 5%, consistent with zero at 2o, was measured by the
Belle and BABAR collaborations for B — K*y [16,28,29],

(B - K*%) —T(B* — K**y)
(B - K*%) + (Bt —» K**y)
= 0.052 =+ 0.026. (70)

Ai(B— K'y) =

Isospin breaking in inclusive radiative decays B — X,y is
expected to be further suppressed and has been measured at
this level by BABAR [30],

(B —» X(S)y) -T'(BT - XJy)
(B - X%) +T(B* = Xiy)
= —0.006 £ 0.058 £ 0.009 £ 0.024.  (71)

A[(B - X?Y) =

Thus one may assume that the following two approxi-
mate isospin equalities hold at a few percent level also for
radiative decays to the K| resonances:

ABY - K{y - K'ntny) # A(B - Ky -» K’z n"y),
AB* - Ky = K'zt2%) ~ A(B° - Ky —» K*n=2%).
(72)

At this level of approximation one may therefore study the
photon polarization by combining data for charged and
neutral B decays. This should double the statistics. One
must pay some attention to the definition of an up-down
asymmetry for these two pairs of processes by considering
the isospin reflection, u <> d, which relates the final kaon
and two pions in B decays to corresponding final mesons
in B® decays.

VII. CONCLUSION

In this paper we reexamined, updated and extended a
suggestion made fifteen years ago to measure the photon
polarization in b — sy by observing in B — Kzzy an
asymmetry of the photon with respect to the Kzz plane.
Asymmetries were calculated for different charged final
states due to intermediate K (1400) and K (1270) resonant
states. Three interference mechanisms were identified play-
ing different roles in decays involving these two kaon
resonances.

(i) The situation is quite simple in decays via K (1400),

for which an upper bound B(B — K;(1400)y) <
(1.2 -1.5) x 10~ has been measured using less
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(i)

(1]

(2]

than 20% of the Belle total data sample involving
atx~. As K;(1400) is dominated by K*z decays,
the total symmetry in decays involving a final
state 7° is large and positive favoring values
around 30% from an overlap of two Breit-Wigner
K* bands of equal strength. The asymmetry in
decays involving a final state 77z~ pair, dominated
by interference of S and D wave amplitudes in
K,(1400) — K*r, is considerably smaller favoring

a value around 10%. As these asymmetries show

some dependence on the phase 6%?”) between S

and D wave amplitudes in K(1400) — K*z which
has only been measured in [21], an independent
measurement of this phase in dedicated amplitude
analyses of B — J/y(y')Kzn decays would be
useful.
The situation is considerably more involved in
decays via K(1270), for which a branching ratio
B(B — K(1270)y) ~ 4 x 107> has been measured.
There are two reasons for this situation. First, the
K,(1270) decays more frequently to Kp than to
K*n, for which the branching ratio is only around
20%. Consequently, the total asymmetry in decays
involving a final state z° is not dominated by
interference of two intermediate K*z states. A
second reason for being unable to predict an
asymmetry in decays involving an intermediate
K,(1270) is lack of information about final state
interaction phases in its decays to K*z and Kp.
Assuming S wave dominance of K (1270) decays to
K*7 and Kp an analysis in [22] implies a value ag ~
—40° for the relative phase between these two
amplitudes. Using this value of agy the asymmetry
is predicted to be negative and at most —10% for a
final state involving a 7°.

The situation in decays via K;(1270) involving a
final state #"z~ pair is more uncertain because there

PHYSICAL REVIEW D 96, 013002 (2017)

is no information about the two relevant phases, ag
and 6%@, and there exists only a crude measure-
ment of |C\X (/|| Varying these phases over
their entire range of 0°-360° we calculated total
asymmetries between —13% and +24%, depending
to some extent on the ratio of D and S amplitudes.
The asymmetry obtains comparable contributions
from interference of K*z and Kp amplitudes and
interference of S and D wave K*z amplitudes, which
may act constructively or destructively with respect
to one another. Major progress in predicting
these asymmetries would be achieved by measuring
the phases ag and 5531?”) and improving the
current measurement of the D to S ratio in
K(1270) — K*z. This could be achieved in dedi-
cated amplitude analyses of B — J/w(y')Kzx de-
cays to be performed in the future by the Belle II
Collaboration at SuperKEKB [31,32].

Finally, in order to increase statistics in studies of the
photon polarization, we suggest using approximate isospin
symmetry (72) for combining in the same analysis B —
Krry decays for charged and neutral B mesons. So far the
Belle collaboration used less than 20% of their total data
sample to obtain the branching ratio (3) for Bt —
K{(1270)y and the separate upper bounds (6) on B* —
K (1400)y and B® — K9(1400)y for final states involving
#tn~ [14]. We urge the Belle collaboration to combine B
and B° decays when analyzing their full data sample for
these decays, and to study also final states including a 7° in
combined B* and BY decay samples.
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