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Novel Method to Reliably Determine the Photon Helicity in B — Ky
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A sizable right-handed photon polarization in b — sy is a clear signal for new physics. In this Letter,
we point out that the photon helicity in b — sy can be unambiguously extracted by combining the
measurements in B — Ky and the Cabibbo-favored D — K e"v decay. We propose a ratio of up-down
asymmetries in D — K,e"v to quantify the hadronic effects. A method for measuring, in experiment,
the involved partial decay widths in the ratio is discussed, and experimental facilities like BESIII, Belle-II
and LHCD are likely to measure this ratio. We also give the angular distribution that is useful for extracting
the photon polarization in the presence of different kaon resonances.
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Introduction.—Nowadays, searching for new physics is
the primary objective in particle physics. In the standard
model (SM), the photon helicity in b — sy decay is
predominantly left handed, and thereby, its measurement
plays a unique role in probing right-handed couplings in new
physics (NP) [1-3]. A representative example is the left-right
symmetric model [4,5], in which the photon can acquire a
significant right-handed component. However, to date, there
are not many experimental results on the photon helicity.

It is noticed that the photon helicity is related to an
up-down (UD) asymmetry Ayp in B — Ky [6-8]
and, more generally, the angular distribution in
B — K,(— Knr)y. Throughout this Letter, K| denotes
the axial-vector meson K;(1270) and K, (1410). However,
measuring the up-down asymmetry in B — Ky [9] does
not directly reveal the photon helicity since the detailed
knowledge of K| — Kzx is a prerequisite. Previous theo-
retical analyses have adopted nonperturbative models to
parametrize the K; — Kzz amplitude, and thus, consid-
erable hadronic uncertainties are inevitably introduced
[6-8,10,11].

In this Letter, we will point out that one can combine
the measurements in B — K;y and semileptonic D —
K I"v(l = e, u) decays to determine the photon polariza-
tion in b — sy without any theoretical ambiguity. In
particular, we propose a ratio of up-down asymmetries
in D - Kye*v, Ajp, to quantify the hadronic effects in
K| — Kzr decay and point out that the photon helicity
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can be expressed in terms of Ayp and A{;p. Experimental
facilities including BESIII, Belle-II, and LHCD are likely to
measure this ratio Ajp.

Photon polarization in B — K,(— Kzn)y.—Let us start
with the angular distribution in B — K;(— Kzz)y. The
effective Hamiltonian for b — sy has the general form

4G
Hegr = —T; Vi Vis(C. 07, + C1rO2z),
emy, _ 1+y
OiLr Fﬂhzso',w > > pFw, (1)

where C7;, 7x are the Wilson coefficients for Oy, . Because
of the chiral structure of W* couplings to quarks in
the SM, the emitted photon in b — sy is mostly left handed
and the right-handed configuration is suppressed by
CSM/CSM ~ mg/m,. For b — 5y, it is vice versa.

The differential decay rate for B - K(— Kzx)y can be
expressed as a sum of contributions from left- and right-
polarized photons [6,7,11]

dTy, _|APIP
dcos Ok 4

Imlii - (J x J*
X 1—1—005291(—1—2/1},0059,(%.

(2)

Hereafter, 0y is chosen as the relative angle between the
normal direction 7 of the K decay plane and the opposite
flight direction of the photon in the K; rest frame.

The coefficient A is a nonperturbative amplitude. The J
characterizes the K; — Kaz decay amplitude with

A(K| = Krr) = €, .J. The cos@ is a parity-odd
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quantity, and the left-handed and right-handed polariza-
tions contribute with an opposite sign. The parameter 4, is
defined as

_ |A(B - K1R7R>|2 - |-A(B - K1L}’L)|2

l = £
" |AB = Kigyr)|* + |AB = Ky )

(3)

with 4, ~ —1 for b — sy and 4, ~ +1 for b — 3y in the SM.

Compared to the angular distribution in the above
equation, an integrated up-down asymmetry is more
convenient on the experimental side [6]

— FK]]/[COSQK > O] - FK”/[COSHK < 0]
" Tk, [cosOx > 0] + Tk, [cos O < 0]
_j, 3mli (< J)]
! 7P

Aup

: (4)

The LHCD collaboration has measured the up-down asym-
metry in BY = K"z~ 2ty [9] with Ayp = (6.9+£1.7) x 1072
in the range of mg,, = [1.1,1.3] GeV. In this kinematics
region, it is expected that the asymmetry is dominated by
K(1270), but other contributions might also be important.
Nevertheless, it can be seen that, even assuming the
dominance of K;(1270), it is also essential to fathom

the hadronic factor Iml[7i - (7 x J*)]/|J|2. Many estimations
on this input factor have been made in either model-
dependent or phenomenological approaches [6-8,10-12].
Unfortunately, the current understanding of K| — Kz is
very limited, due to the complicated intermediate states of
K7, Kp, (K7)g_yave® and K(n7) g yave, and their phases for
interferences. Thus, considerable hadronic uncertainties are
inevitably introduced and beyond control. Therefore, the
accurate result of 1, has never been achieved so far, even
though the up-down asymmetry has been well measured.

Determination of photon helicity by combining B — Ky
and D - K,eTv, decays.—Now, we proceed with the
angular distribution for D — K, (— Kzz)e*v and demon-
strate that combining the measurements in B — Ky and
D — K,e"v, can determine the photon helicity in b — sy
in a model-independent way.

With the kinematics shown in Fig. 1, one can derive the
angular distribution for D — K,(— Kzz)e'v, as

dl'g
= — [l 29 29
d cosOgdcos 6, 1[1 + cos*@gcos’d)]

+ dy[1 + cos?Ok] cos 0,
+ d3 cos Ok |1 + cos?0)]
+ d, cos Ox cos b,

+ ds[cos?Ox + cos?0)]. (5)

The angular coefficients are given as

FIG. 1. Kinematics for D — K, (— Kzz)e"v. The relative
angle between the normal direction of the K, decay plane and
the opposite of D flight direction in the K . rest frame is denoted
as O, while 6, is introduced as the relative angle between the
flight directions of e* in the e™v rest frame and the e v in the D
rest frame.

!

dy = [T (4fcol® + [P +]e. ).

o

dy = =[P (Je? = [es ).
dy = —Imfii - (7 x J)](|e_|* = |e1 ).

-

dy = 2Imlii - (7 < T)](Je_|* + e ),

1 -
ds = =5 V[P (4leol® = fe-* = |e.[*)- (6)

Above, we have neglected the lepton mass, and the ¢, _
corresponds to the nonperturbative amplitudes for D decays
into K; with different polarizations.

Compared to the angular distribution for B — Ky,
the one for D — K e'v is different in three aspects. In
B — Ky, the emitted photon is on shell, and thus, only
transverse polarizations are allowed, but the longitudinal
polarization also exists in D — K eTv contributing with
the amplitude cy. Second, while only one angle 8y is
constructed for B — Ky, two angles fx and 6, are
involved in D — Ke'v. Third, in B - Ky, the cosfx
itself is a parity-odd quantity. In Eq. (2), the parity-even
2, and the parity-

term (1 +cos? @) is accompanied with |J
odd term contains the decay factor Im[ii - (J x J*)]. In
D — K,e'v, the cosfy dependence is similar, but the
lepton pair is produced through the V — A current. This
interaction also gives the parity-even term and the parity-
odd term in cos #;. We have picked up the two parity-odd
terms, formed by the cos @ (1 + cos’§,) that is propor-

tional to Im[7i - (J x J*)] and the cos §,(1 + cos? O ) that is

proportional to |.7 2. The ratio of the coefficients of these
two terms, namely d; and d,, give the required hadronic

factor Im[ii - (J x J*)]/ |7~
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To pick up the d, and d; in a simpler way, we also
propose to explore a ratio of up-down asymmetries (or
forward-backward asymmetries)

Tk e, [cos Ok > 0] — Tk e, [cos O < 0]

up = . 7
ub Tk e, [cOS0, > 0] =Tk, [cos €, < O] )
It is straightforward to find
Im7i - (J x J*
o = U X)) )

Apparently, quantifying the Ayp in B — Ky and A{j, in
D — Ke"v in experiment will help to extract the photon
helicity in b — sy

. 4~AUD

A, == .
T3 A

©)

The D — K,(1270)e*v channel is a Cabibbo-favored
decay process, and thus, its decay branching fraction is
expected to be sizable. On the experimental side, an earlier
evidence for D° — K7(1270)e*v has been found by
CLEO in Ref. [13]. Quite recently, using the 2.93 fb~!
data sample of the eTe™ collision at the center of mass
energy of 3.773 GeV, the BESII collaboration has
observed DT — K%(1270)e*v for the first time with a
statistical significance greater than 106, and the measured
branching fraction is [14]

B(D* — Kfetr) = (2.3 £0.267018 +0.25) x 1073
(10)

From this measured branching fraction, one may infer that
a direct measurement of the Ay, is feasible with more
statistics in the near future. We also expect that a high
precision could be achieved taking into account the fact that
much more data will be accumulated at BESIII, Belle-II,
and LHCb, leaving aside the Super Tau Charm Factory in
the future.

Experimental implementation.—The analysis in the pre-
vious section is focused on only the K; contribution.
Though the LHCb measurement of the spectrum of Kzz
in B — Kzzy [9] and an earlier measurement by Belle [15]
indicate that the K;(1270) contributions dominate in the
range of my,, = [1.1,1.3] GeV, other contributions are
likely non-negligible. In the next section, we will derive
the angular distribution with different kaon resonances,
and here, we will briefly discuss the implementation in
experiment.

As shown in Eqs. (4) and (7), the up-down asymmetries
are constructed using decay widths into K| with cos @ > 0
and cosfg < 0. In experiment, it is possible to divide
the B » Krny and D — Krnre'v decay widths into two

regions, with cosfg > 0 and cosfy < 0, respectively.
In both regions, one can make a fit of the Kzz spectrum
by including different kaon resonances and then the
involved decay widths for K; with cosfg >0 and
cos @ < 0 can be obtained. An analysis of the total decay
width of B — Kzmy has been conducted by the Belle
collaboration [15], deriving the branching ratio
B[B* — K[ (1270)y] = (4.3 £0.9£0.9) x 107>. Based
on the large amount of data accumulated by the LHCb
collaboration and the future Belle-Il experiment, it is
expected that the involved decay widths for decays into
K, with cosfx > 0 and cosf0x < 0 can be obtained by
such an analysis. With these partial widths, the up-down
asymmetries can be obtained, and accordingly, the
photon polarization can be used to probe or constrain
new physics models.

Photon polarization in B — Krny and D — Krmetv.—
It is also meaningful to include contributions from more K ;
resonances, and in particular, the K,(1400), K,(1430)
contributions will interfere with that from the K,;(1270).
A vector K*(1410) resonance will not contribute to the
photon helicity measurement, and thus, its contribution is
not shown in the following.

With the K, K, resonating contributions, the B — Knny
angular distribution now becomes

dU'(B — Knry)
dcos Oy
dr 1 o
= ﬁ +2 |B|2|K2{ (cos?0x + cos>20x)
2Im[7i - (K x K*)]

; cos36K}. (11)

The (B,I? ) are nonperturbative coefficients relating to
K,(1430), and their explicit forms can be found in
Ref. [7]. As shown in the above equation, the photon
polarization 4, can also be extracted through the K,
contribution in the third line of the above equation or the
K, — K, interference term in the fifth line. But again, such
determinations require the knowledge of nonperturbative
matrix elements, Im[2- (K xK*)]/|K|?, and Re[AB*(J-K")]/
Im[AB* - (JxK")].

Including the resonances, we also give the angular
distributions for D — K, (— Kzzn)etv

dU'(D — Knzmev,)
dcosOgdcosl,

drl(,eue
dcosOgdcost;”

(12)

K,=K,.Ky K],
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The D — K,(— Kzz)etv contribution is

dFK ev 3 . . > 7> 0
Wii(;osel = |cpl? §s1n2(291()s1n291|1(|2 + 2\c’+|2|K|ZCOS4EI {(COSZQK + cos?20x)
Im[ii - (K x K* _ 0
+ 2 cos O cos 20, w} + 2|c’_|2|K|Zsin4EI {(00529K + c0s?20)
Imf7i - (K x f(*)]}
—2c080gcos 20 ———=—", 13
weos20 (13)

The coefficients in the third and fifth terms on the right hand side mimic the required input Im]7 - (K x K 9/ |K|? in the

third line of Eq. (11). The K; — K, interference is given as

dr‘ngeye
dcosOgdcos b,

0 .o (1
- 80054511m[c+(c’+)*ﬁ- (J x K*)]{E (3cos?0g — 1) + cos*0x

0 N |
- 8sin45[Im[c_(c’_)*n (I xK )]{5 (1 —3cos?0x) + cos>Ox

The c¢(, _ correspond to the nonperturbative ampli-
tudes for D decays into the K,. In this interfe-
rence term, the relation between {(Re[c_. (¢, )*(J - K*)])/
(Im[c(¢),)h - (J x K*)])} and Re[AB*(J - K*)]/
Im[AB*7i - (J x K")] is less obvious.

Discussion.—Although the lepton mass has been
neglected, we have checked that our method is still
valid, through the angular distribution analysis, when the
lepton is massive. Thus, this analysis also applies to
D = K (= Kzz)u'ty,.

In the above, we have elucidated the method using
the angular distribution of D — K, (— Kzz)lTv decay,
but one can also use the B; — K, (— Kzr)lb, D, —
K.os(— Kzrm)l'v decays and 7 — K, (— Kznx)v. An esti-
mate of the branching fraction of B; — K;/U is about
(3.657%27) x 10™* [16] and might be measured in the
future. The D; — K, [Tv is a ¢ — d transition suppressed
by the Cabibbo-Kobayashi-Maskawa matrix element and
needs more data.

Combining the measurements in B — Kzzy and
D — Kzzntv can give the absolute value of |Cyz/Cyy|
via 1, in Eq. (3). This constraint on C;z/C;, is comple-
mentary to those from the time-dependent CP asymmetries
in B = fcpy (where fcp is the CP eigenstate) [1,17,18]
which measure S;,_,, o« Im[e™#Csr/Cy;] (where ¢ is the
phase in the B® — B® mixing), and the angular distributions
in B> K*(— Kn)y(— eTe”) [19-21] with AP (0) «
Re[Crp/Cry] and AY™ (0) o« Im[Cyp/Cry ).

Photon helicity and the right-handed couplings are
similar for b — sy and b — dy in the SM, but might be

— —4/3sin? (0 ) cos Ogsin20,Re[co(c))*T - K¥]

-

|

different in NP models. Thus, the B — a,(1260)y — nzaxy
is also of great interest, and combining the measurements
B — a;y and D — a;e™v will allow us to determine the
photon helicity in b — dy in a model-independent way.

Conclusions.—Since photons emitted in b — sy decay
are predominantly left handed, measuring photon polar-
izations in this mode can test the standard model and probe
the new physics effects with large right-handed couplings.
It has been noticed that the photon polarization in b — sy is
related to the up-down asymmetry in B — K;y. But
unfortunately, this observation does not provide a full
understanding of photon polarization, since this requires
the knowledge on the K; — Kzz decay, and introduces
uncontrollable model dependence.

In this Letter, we have pointed out that one can
combine the measurements in B — Ky and semileptonic
D - K I"v(l = e,u) decays and determine the photon
polarization in b — sy without any theoretical ambiguity.
In particular, we proposed a ratio of up-down asymmetries
in D - Kyetv, A, to quantify the hadronic effects in
K| - Kzm decay. Experimental facilities including
BESIII, Belle-1I, and LHCb are likely to measure this ratio
in the future.
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