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Anomalies in hadronic B — VV decays
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Recently, a fit of charmless B — PP decays (B € {B°, B*,B%}, P€ {x, K,n,'}) to the latest data was
performed under the assumption of flavor SU(3) symmetry [SU(3)]. It was found that there is a 4.1¢
disagreement with the SU(3) ;- limit of the Standard Model [SMsy3),]- In this paper, we extend this analysis to
charmless B — V'V decays (V € {p, K*, ¢, }). The fit examining B — pK* decays, assuming only isospin
symmetry, is found to be acceptable. When we fit to B — VV decays with V € {p, K*} within SU(3), we
find a 5.2¢ discrepancy with SMgy3), - Finally, when B — V'V decays with V € {p,K*, ¢, w} are considered,
the discrepancy grows to > 7¢. The theoretical input in this analysis is modest, so our results are quite rigorous,
group theoretically, and hold almost exactly in the SU(3), limit. Although it seems unlikely that the
introduction of ~30% SU(3)z-breaking effects can account for this discrepancy, this must be verified.

DOI: 10.1103/sj66-kh1t

I. INTRODUCTION

Although the Standard Model (SM) of particle physics
has been enormously successful in describing almost all
experimental results to date, it is not complete. This is
because it cannot account for several important observa-
tions: neutrino masses, dark matter, the baryon asymmetry
of the Universe, etc. There must be physics beyond the SM.

There are two ways to search for this new physics (NP).
First, one can try to directly produce new particles at high-
energy colliders. Unfortunately, despite years of direct
searches, no new particles have been observed at the
LHC. Because of this, our only alternative is to use indirect
searches, in which the (higher-order) effects of the NP
manifest themselves in measurements of low-energy
observables that disagree with the predictions of the SM.

Indirect hints of NP have been seen in hadronic B decays.
In Refs. [1,2], B — PP decays were examined under the
assumption of flavor SU(3) symmetry [SU(3).]. Here
Be{B",B",B%} and the pseudoscalar P € {x,K,n,1'}.

“Contact author: bbhattach@ltu.edu

Contact author: marianne.bouchard.5@umontreal.ca
*Contact author: alexandre.jean @durham.ac.uk
SContact author: london @lps.umontreal.ca

IContact author: ipsitaray02 @ gmail.com

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2026/114(7)/073008(20)

073008-1

Fits to the latest data were performed, and it was found that,
although the individual fits to AS = 0 or AS = 1 decays are
good, the combined fit is very poor: there is a 4.1c
disagreement with the SU(3), limit of the Standard
Model [SMgy3),]. This discrepancy can be removed by
adding SU(3) -breaking effects, but 1000% SU(3) break-
ing is required, far larger than the ~30%SU(3), breaking
expected in the SM.

B —- VV decays, in which the vector meson
Ve{p,K*, ¢, w}, have been less studied in this context.
However, there have been some recent analyses of these
decay modes, using the SU(2) U-spin symmetry [3] and the
perturbative QCD approach [4]. For a number of years,
there have been some puzzling results in these decays.
Because the V is a spin-1 particle, it has three polarizations,
one longitudinal and two transverse. And because the B has
spin 0, the final V'V pairin B — V'V comes in three helicity
states: both V’s are either longitudinal or in one of two
transverse states. Naive factorization suggests that the
longitudinal amplitude dominates and the transverse com-
ponents suffer a helicity suppression, i.e., the longitudinal
and transverse polarization fractions should respect
fr > fr, where f; + fr =1 (see the discussion at the
beginning of Sec. II for additional details). However, the
polarization fractions have been measured in many
B — VV decay modes, and this is not always found to
be true. For example, in B — pp decays, f; > 0.7 is
observed [5], in line with expectations. But in
BY - K*°K*0, f, = 0.16 is measured [5], completely at
odds with the prediction that f;/f; < 1.

Published by the American Physical Society
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Of course, it may well be that naive factorization is
untrustworthy in B — V'V decays, i.e., perhaps there are
large nonfactorizable effects. Even so, such effects should
respect flavor symmetries. However, in B — K*0K*0, it is
found that £, = 0.61 [5]. Since B — K**K** and B° —
K*OK*0 are related by s <> d exchange, i.e., by U-spin
symmetry, the very different measured values of f; in these
two decays indicate strong U-spin violation [6,7]. (The
measured values of f; and f; in these modes also differ
significantly from their theoretical predictions [8].) These
BY) . — K*K*" decays are also related to B — pK* decays
by SU(3), symmetry, but in these latter decays, the
observed values of f; vary from ~0.7 (BT — p°K**") to
~0.2 (B® = p°K*%) [5].

Having observed a significant discrepancy with the SM in
B — PP decays under the assumption of flavor SU(3)
symmetry, it is only natural to perform an SU(3) analysis
of B — VV decays, to see if a similar discrepancy is found.
The very curious results in the measurements of f; 7 in these
decays make such a study even more compelling. In this
paper, we carry out an SU(3), analysis of B — VV decays.

In the analysis of B — PP decays, the Wigner-Eckart
theorem was used to express all the amplitudes in terms of
SU(3) reduced matrix elements (RMEs). (Equivalently,
the amplitudes can be decomposed in terms of topological
diagrams.) A fit was done to all the B — PP data using the
(complex) RMEs as the theoretical unknowns in order to
determine how well the SMgy3), can explain the data. As

noted above, the fit results show a significant discrepancy.

The analysis of B — V'V decays is done in essentially the
same way, with one important difference: each helicity state
of a given B — V'V decays has its own RMEs. So there are
three times as many unknown parameters in B — V'V decays
as there are in B — PP decays. Fortunately, there are also
many more B — V'V observables, so that a fit can be done.

In this paper, we perform three types of fits. First, we
examine only B — pK* decays using isospin symmetry.
Second, we study all B — VV decays in which V € {p, K*}
assuming SU(3),. Finally, we consider B — VV decays
with Ve {p, K*, p,w}. As we will see the disagreement
with the symmetry limit of the SM grows as more decays
are included. While the fit to B — pK™* is acceptable, the fit
to B — VV decays with V€ {p, K*} shows a 5.2¢ dis-
crepancy with the SMgy3),, and this becomes >7¢ (!)
when V € {p, K*, ¢, w}. Clearly this merits more study,
both theoretical and experimental.

We begin in Sec. II with a discussion of the formalism of
B — VV decays, namely the helicities and the angular
analysis. This includes a description of the different types of
observables that are available in these decays. In Sec. III, we
work out the decomposition of the B — VV amplitudes in
terms of both RMEs and diagrams. The fit results are given
in Sec. IV. We summarize our findings in Sec. V. Additional
technical details associated with the analysis have been

relegated to the appendixes. The decomposition of the
decays in terms of RMEs and diagrams can be found in
Appendixes A and B, respectively. The observables used for
the analysis are presented in Appendix C. The fit results are
shown in Appendix D and a discussion on the significant
contributions to the y> can be found in Appendix E. In
Appendix F, we count the number of degrees of freedom
(d.o.f.) using relationships between observables.

II. B —» VV DECAYS: FORMALISM

In B — VV decays, the final-state vector mesons have
spin 1, so the total spin of the final state is S, = 0, 1 or 2.
The decaying B meson has spin O; in order to conserve the
total angular momentum, the final-state V’s must have
relative orbital angular momentum L =0, 1 or 2. These
correspond, respectively, to s-, p- and d-wave final states.

B — VV decays can therefore be described by three
separate amplitudes. In the helicity basis, these are A, Ay,
and A_, which obey the following hierarchy in naive
factorization [9]:

A A 2
Agt AiA_~1: =2 (E> : (1)
ny ny

A. Transversity amplitudes

In experimental analyses, the observables are defined in
terms of three transversity amplitudes, one for each
polarization of the final state (one longitudinal, two trans-
verse). The transversity amplitudes are the components of
the full amplitude in which the polarizations of the final-
state vector mesons are either longitudinal (Ag), or trans-
verse to their directions of motion and parallel (A)) or
perpendicular (A | ) to one another. They can be expressed
in terms of the helicity amplitudes as follows:

1
Ay=—(A; +A_), A =
I \/E( + ) L
Ap and A are linear combinations of s- and d-wave (parity
even), while A | is pure p-wave (parity odd). From Egs. (1)
and (2), we expect [Ag| > [A|[,|AL[. This can be tested
experimentally through the measurements of the longi-

tudinal and transverse polarization fractions, defined below
in Sec. IIC.

B. Differential decay rate

Consider now the case where each final-state V decays
into two pseudoscalars. We have B — V(- PP))
V,(— P,P)}). This is shown in Fig. 1. Here, three helicity
angles are introduced: 6, (6,) is the angle between the
directions of motion of the P; (P,) in the V| (V) rest frame
and the V; (V,) in the B rest frame, and ¢ is the angle
between the normals to the planes defined by PP and
P,P) in the B rest frame.
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FIG. 1.

The decay B — Vl(_) P1P,1)V2(—) P2P/2)

It was shown many years ago that one can separate the
three helicities by performing an angular analysis of this
decay [10-14]. The angular distribution of this decay can
be constructed as follows. Given that there are three
helicities, when the amplitude is squared, there are six
terms. If the decaying B meson is neutral, then there is time
dependence due to B(()S) - B‘()S> mixing, but here we focus

only on the angular distribution at time ¢ = 0. The differ-
ential decay rate is
&’r
dcos 6,dcos 92d¢ 81 4

ZKX 01,0,.4).  (3)

The K; and X; associated with the six terms of Eq. (3) are
given in Table I. The measurement of the angular distri-
bution allows the determination of the coefficients K; =
{lAol?. |4 . |AL|*. Re[A | AG]. Im[A  AG]. Im[A | A]]}.

A similar angular distribution can be constructed for the
CP-conjugate decay, but here the coefficients are functions
of the CP-conjugate transversity amplitudes, A,. These are
obtained from the A; by changing the signs of the weak
phases. From the angular distribution of the CP-conjugate
decay, one can determine the coefficients K; = {|A*,
A%, |A LI, Re[A)AG], Im[A  AG], Im[A  Aj]}.

C. Observables

With the measurements of both angular distributions,
one can obtain a variety of observables. First, there is the

TABLE I.  Angular functions X; and their coefficients K; [14].
n K; X;

1 |Ao|? cos? ) cos? 6,

2 A2 1sin? 0, sin? 6, cos? ¢
3 |A,? 1sin? @, sin® 6, sin® ¢

4 Re[A|Aj] 2IW sin 20, sin 20, cos ¢
5 Im[A | A}] \If sin 20, sin 26, sin ¢
6 Im[A | Aj] —sin? @, sin” 0, sin 2¢

CP-averaged branching ratio, Bp:

Bep = Fps(JA] + |A]%), (4)

where Fpg= \/m%, — (my, —Fm‘/z)z\/mf9 —(my, —my,)*S/
(322m3I) is the phase-space factor, and

AP = [Ao* + |4y + [ALP,

A = 1Ao* + A + AL (5)

With these, the direct CP asymmetry .A-p can be obtained:

AP — AP

Arp =1————.
AP + AP

(6)

With the measurements of {|Ag|%, A% |AL[%, |Ao|%,
|A|%, |AL|*}, one can compute the polarization-dependent
direct CP asymmetry Ak p:

i AP -AP

At = ——F— 2 7
T WEERWE )

represents the polarization. One can
also measure the polarization fractions

A2
[Ag|* + |A) > + AL

S |
|Aol* + |A) 1> + AL
(8)

With the f;, one can construct the longitudinal and trans-
verse polarization fractions,

fﬂ: ’ ]_C/l:

|Ao|?
Aol + Ay [* +|A |

AP+ 1AL

Ji= [A|* + 1A 2

» Sfr=

©)

that f/f; < 1, is borne out. (We will see that, for many
decays, it is not.) f, and f, can be combined to form the
CP-averaged polarization fraction f; and the polarization
fraction CP asymmetry A;:

fi—r
fi +f,1.

Note that, in Ref. [15], the CP-averaged polarization
fraction is defined differently:

fi=s(fi+ 1) A= (10)

NI'—‘

w AP 1A
(AP AP

In Appendix F, we show that a polarization-dependent
relationship exists between f¢*, f,, A,, and Acp.

(11)
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Another polarization-dependent measurement is the CP
violation parameter |4;|, defined as [16]

A
2l ==
14 'A,

1

: (12)

where i represents polarization.

The phases of the transversity amplitudes are neither
weak nor strong, but rather a combination of the two. The
measurements of the angular distributions allow for the
extraction of various types of phase measurements:

_ _ - 1 -
5, = Arg(4;), 6, = Arg(A;), 0, = E(@ +8,).
1 -

Finally, mixing-induced indirect CP violation has been
measured in some of the B — V'V decays, but only for the
longitudinal polarization component. The CP-violating
observable is defined as

ApA:
P Ao|* + |Ao]

where g/ p = exp(—2i¢%,), in which ¢%, is the weak phase
of B) — BY) (¢ = d, s) mixing.

Above, we have listed the observables that will be used
in the fits. However, there are some other observables that
merit a discussion. Consider the direct CP asymmetry Ap
of Eq. (6). CP-violating effects require the interference of
(at least) two amplitudes with different weak phases.
Assuming that two amplitudes contribute to the direct
CP asymmetry, we have Acp  sin A¢ sin A, where A¢
and A¢ are the weak- and strong-phase differences between
the two amplitudes. This shows that, in order to produce a
nonzero direct CP asymmetry, the two interfering ampli-
tudes must also have different strong phases.

The observables that have coefficients Im{A | Af] and
Im[A lAﬁ] represent T-odd “triple products” (TPs) of the

form p; - (p, X p3), where the p; are the three-momenta of
three of the final-state pseudoscalar mesons [17]. As was
the case with Acp [Eq. (6)], AL, [Eq. (7)], and A,
[Eq. (10)], by combining the TPs in the two angular
distributions, one can obtain a CP-violating observable.
However, TPs are also P-odd since they involve the
interference of A | and Ay,|- Because of this, the coefficients
of the TPs in the CP-conjugate angular distribution are
—Im[A Aj] and —Im[A  Aj]. Thus, the “true” CP-violating
TP is obtained by adding the TPs in the two distributions,
while a “fake” CP-conserving TP is obtained by sub-
tracting them.

Assuming two interfering amplitudes, the TPs depend on
A¢ and Ao as follows:

True TPs: T' + I o sin A¢ cos A8,
Fake TPs: I' — I o cos Ag sin AS. (15)

Note that a nonzero value of a CP-violating true TP does
not require that the strong-phase difference Ao be nonzero,
in contrast to the direct CP asymmetry Acp.

The true and fake TPs can be written as follows [18]:

1 - 1 -
Al"}—true = 5 (A];’ - AI;)’ A"If‘—fake - 5 (AI’;’ + AIYC")? (16)

where A%w = fj_fo Sin((SJ_ - 50) and A%:fJ-fH Sill((SJ_—én).
The polarization fractions and phase differences can be
extracted from measurements of the angular distributions,
so the TPs are not independent observables. As a result, the
measurements of the TPs themselves are not included in
the fits. In Appendix F, we provide a detailed discussion of
the number of observables used when performing our
various fits.

III. B — VV DECAYS: AMPLITUDE
DECOMPOSITION

The aim of this paper is as follows. We consider
all charmless B — VV decays, where V€ {p*,p° K**,
K K ¢p,w}. We assume a flavor symmetry group
[isospin or flavor SU(3)], and we identify those decays
whose amplitudes are related by this symmetry. We para-
metrize those amplitudes in terms of a certain number of
unknown parameters and then perform a fit to the data to
determine how well the SM can explain the experimental
measurements in the limit of that symmetry.

The analysis can be performed in two ways. First, we can
apply the Wigner-Eckart theorem associated with the
respective symmetry group to express the amplitudes in
terms of RMEs. We note that the weak Hamiltonian for
charmless B — VV decay modes involves the quark-level
transitions b — aug and b — (gdd + gs5) (q = d, s). It is
given by [19]

G 2 10
Hy = 7; 5 (zﬁ,‘” S0l - A9 ZCiQ:@>’ (17)

q=d.s i=1 i=3

Here /1;7) = VZ,bVq/q (¢ =u,c, t,qg=d,s), where the Vi
are elements of the Cabibbo-Kobayashi-Maskawa (CKM)

matrix. Q@ - ng), Q;’D - Qé‘”, and ng) - Q(l%) represent
tree, gluonic penguin, and electroweak penguin operators,
respectively. The c¢;’s (i = 1-10) are the Wilson coeffi-
cients. In order to express the amplitudes in terms of RME:s,
we must determine how each piece of the matrix element
(VV|Hy|B)—the initial state, the weak Hamiltonian, and
the final state—transforms under the symmetry.

The second way of carrying out this analysis is to use
topological diagrams [20]. In Refs. [21,22], it was shown
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that the amplitudes for charmless hadronic B decays can be
written in terms of six diagrams: 7T (tree), C (color-sup-
pressed tree), P (penguin), A (annihilation), E (exchange),
and PA (penguin annihilation), of which T, C, A, and E are

proportional to /15,‘]). The diagrams P and PA each contain

loops with internal up-type quarks, proportional to /15,‘”,

29 and /154). Using the unitarity of the CKM matrix, the c-
quark pieces are eliminated to produce diagrams propor-

tional to 4? (P,. and PA,,) or 2A” (P,, and PA,.). In
addition to these, there are also electroweak penguin (EWP)

diagrams, all proportional to /Iﬁq), as introduced in

Ref. [23]. These are denoted as Prw, PSys PS{V, Py,
PE,,, and Ppar.

One of the advantages of diagrams over RMEs is that
they represent different dynamical ways in which decays
can be generated. As a result, one can estimate the relative
sizes of various diagrams. This allows us to impose
relations among diagrams, or even to neglect certain
diagrams completely, reducing the number of unknown
parameters. Here are some relations among diagrams that
are often used:

(i) E, A, and PA all require the b quark to interact with
the spectator quark. This implies that the diagrams
are proportional to the decay constant f. This then
implies that £/A/PA are suppressed relative to other
diagrams by fp/mpg~5%. Some analyses com-
pletely neglect E/A/PA, but it is perhaps more
prudent to simply use the constraint |E/T|,
|A/T| <5%. PA is expected to be even smaller,
as it is suppressed due to the Okubo-Zweig-
lizuka rule.

(i) The gluonic penguin diagram P receives contribu-
tions from all three types of up-type quarks:
P=20P,+ 1P, + AP, = AP P, + VP,
where the second expression has been obtained

using the unitarity of the CKM matrix (,15,”+

AP 49 =0), and P,.=P,—P, and P,=
P, — P.. Because the u and c¢ quarks are much
closer to being degenerate than are the t and c¢
quarks, it is expected that |P,.| < |P,.|- In Ref. [24],
it is estimated that

0.2 < |Pu/P,| <0.5. (18)

(iii) Naively, it is expected that |C/T| = 1/3, simply by
counting colors. This ratio has been computed for
B — 7K decays within QCD factorization, and
|C/T|~0.2 is found at next-to-leading order
(NLO) [25]. The next-to-next-to-leading order
analysis gives 0.13 < |C/T| < 0.43, with a central
value of |C/T| = 0.23, very near its NLO value
[26-29]. For this reason, in some analyses, the
constraint |C/T| = 0.2 is imposed.

In B — PP decays, under the assumption of SU(3),
there are five RMEs proportional to /154‘1) and five propor-
tional to /lﬁq). However, there are a total of six diagrams

proportional to /Iﬁ,q) and eight diagrams proportional to AE”.
The fact that there are more diagrams than RMEs implies
that only certain linear combinations of diagrams appear in
the amplitudes. These linear combinations can be desig-
nated as “effective” diagrams. This set of effective dia-
grams is equivalent to RMEs [21], i.e., each RME can be
written as a linear combination of effective diagrams.
As we will see, this same behavior occurs in B - VV
decays—in general, there are more diagrams than RMEs,
so the effective diagrams must be identified.

Below, we present the decomposition of the B — VV
amplitudes in terms of RMEs and diagrams for two
different cases. First, we consider only B — pK* decays,
assuming isospin symmetry. Second, we consider all
B — VV decays under the assumption of flavor SU(3)
symmetry.

A. B - pK*

The “B — zK puzzle” has been around for over
20 years. It involves the four decays B* — 727 KO,
BT — 2°K*, B - 77K*, and B® — 7°K°, whose ampli-
tudes obey a quadrilateral relation under isospin sym-
metry [SU(2),]:

A0 4 V240 = A=+ 4 /2490, (19)

where the indices i and j in AY indicate the charges of
the final-state # and K, respectively. It turns out that the
measurements of the observables in these decays are not
completely consistent with one another. This was first
noted in Refs. [30-32].

The four B — pK* decay modes—B*t — pTK*0,
Bt = p°K*+, BY - p=K**, and B° — p°K*0—are just
the excited versions of B — 7zK decays. As such, their
amplitudes are also related by isospin. More importantly,
the expressions for the B — pK* amplitudes in terms of
RMEs/diagrams are identical to those of the corresponding
B — 7K amplitudes. Recently, in Ref. [33], we reanalysed
the B — 7K puzzle. This involved expressing the four
amplitudes in terms of RMEs/diagrams and performing a fit
to the data. Below, we present these expressions for the four
B — zK amplitudes.

In B — 7K decays, the initial state B = (B*, B°) has
isospin 3, and the final 7K states have isospin 3 or 3.

2 2
These decays involve the transitions b — uus and
b — dds, so the weak Hamiltonian of Eq. (17) has
isospin 0 or 1 (with I3 = 0). There are therefore three
RMEs that describe these decays: (3 [|[HY|[3), 3 [|Hiy |3

and (3||Hj,||3). These RMEs can be split into pieces
proportional to A and A\*:
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<—HH ||—>—z( DALy = A AY o,

(3141 5) = 471, -
(Gl ) = 47t -

making a total of six RMEs.

In Ref. [33], it was shown that, if ¢; and cg are neglected
(they are much smaller than ¢y and cy), then for the two
RMEs that involve H},, (i) the A% and AES) pieces are
produced by the tree and EWP operators of the weak
Hamiltonian, and (ii) these pieces are proportional to one
another. To be specific, we have

(s)
A Al 1/2°

/1 A‘1 320 (20)

u

1.1/2°

3co+cio
2ci4c, B
(21)

At1,3/2 =

These are the EWP-tree relations at the level of RMEs, and
they reduce the number of independent RMEs from six to
four. It was argued in Ref. [33] that, if ¢; and cg are not
neglected, then these EWP-tree relations are changed by
only ~10%.

In terms of the SU(2), RMEs, the B — 7K amplitudes
are given by

A0 = ﬂ,(f) {\/%( 012~ ﬁA? 1/2) + ?A%/z]
—/15‘) {\/;<A6 12 \/§Atl 1/2> + ?Atl %/2] )
e ) )
—ﬂE‘Y) { \/;< 61/2 \/1§A11 1/2) +¥Atl.3/2}
it o) ]
_/1@{ \/§<A‘ 1/2+\/§A’1 1/2) +‘qu 3/2],
V249 = ) {\/%( 0121 ﬁALf 1/2) 2\3/"4? 3/2]

ol 2 1 2V2
_/15 ) |:\/;<A(t).l/2 +%At1.1/2> + 3 At],3/2]v

which satisfy Eq. (19). The amplitudes for the CP-
conjugate processes can be obtained from the above by
changing the sign of the weak phases.

In terms of diagrams,
given by

the B — nK amplitudes are

1
A+ )“( )PL[L +)“( ) |: tc gng:|

2
V240 = T - - Puc] +/1()[ ,C—PEW——PEW]

3

o # 5 2=
A=) —T—Pu]Jr/l(){ 3 3P§W},

s 1
\/EAOOZ/L(,{) _C+Puc:| +/1 )|: PEW_ngW:|

(23)
The six effective diagrams are defined as follows:
T=T-A, C=C+A,  P,.=P,+A,
Pgy = Pry + Pl EE:VEPEW_PIIEW’
L L (24)
At the level of diagrams, the EWP-tree relations are
Pov =522 P =320 )

This reduces the number of independent effective diagrams
from six to four.

To recap, the expressions for the four B — zK ampli-
tudes are given in terms of RMEs and diagrams in Egs. (22)
and (23), respectively. There are four independent RMEs/
diagrams. These expressions also apply to each of the three
helicities of the related B — pK* amplitudes. For each
polarization A, the four amplitudes obey the isospin
quadrilateral relation

A+0 + fA0+ fAOO + A +. (26)

In Ref. [34], an approximate sum rule involving the
branching ratios and direct CP asymmetries of the four
B — 7K decays was found under the assumption of
SU(3) ;. In Ref. [33], it was shown that, if instead isospin
symmetry is assumed, then this sum rule holds exactly. The
experimental measurement by Belle II [35] agrees with the
prediction of the sum rule.

A similar sum rule applies to each polarization of the
B — pK* amplitudes. One constructs the rate difference as

Aij pav,ij
ALS B,

SRS 4,
PS

471> = . (27)

where By, Agp, f3", and Fig are, respectively, the CP-

averaged branching ratio, the polarization-dependent direct
CP asymmetries, the CP-averaged polarization fractions,
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and the two-body phase-space factor for the decay
B — p'K*J. One can combine the
and compute

A]s for the four decays

&K = ATH 4 A0 =240 — 24 (28)

From the decomposition of the amplitudes in terms of
RMEs [Eq. (22)] and diagrams [Eq. (23)], one finds that

ﬁﬁ’K* = 0 is an exact consequence of applying the SU(2),
EWP-tree relations [Egs. (21) and (25)] to each polarization
of the B — pK* decays.

We can combine the three polarizations:

AT = Al Bg”.

AV = A” + A” 7
Fpg

(29)

With this, one can compute the polarization-independent
quantity

&K = At 4+ A0 270+ — 27 (30)

for the four decays. Under isospin symmetry, one finds that
K" =0 holds exactly. This sum rule can be tested
experimentally: using the measurements in Appendix C,
we find that % = (=4 4 6) x 107*, which is consistent
with zero.

We must stress that, in addition to the polarization-
independent relation [Eq. (30)], one can also experimen-
tally test the relations separately for each transversity
amplitude [Eq. (28)]. This will require a complete angular
analysis of all four B — pK* modes.

B.B->VV

We now consider all charmless B — VV decays, assum-
ing flavor SU(3) symmetry. The SU(3) octet contains the
eight vector mesons {p*, p°, K**, K*9, K*0 wg}, and w; is
an SU(3) singlet. The physical @ and ¢ mesons observed
in experiments are admixtures of wg and w,. The B - VV
decay amplitudes can therefore be separated into three
categories depending on the SU(3) representation of the
final-state vector mesons: 8 ® 8, 8 ® 1, and 1 ® 1. These
are listed in Table IL

Within SU(3) -, all members of the octet 8 are considered
to be identical particles. In this case, the 8 ® 8 final state,
which is the product of three pieces [SU(3),, spatial
(orbital angular momentum), and spin], must be symmetric
under the exchange of the two particles. The decaying B
meson has spin 0, so the conservation of total angular
momentum implies that, when the spatial wave function of
the final-state mesons is symmetric (/ =0, 2), the spin
wave function is also symmetric (s = 0, 2). Similarly, when
the spatial wave function is antisymmetric (! = 1), the spin
wave function is also antisymmetric (s = 1). Thus, the
product of final-state spatial and spin wave functions is

TABLE II. AS=0 and AS=1 B - VV decays for
Ve{p. K" wg, w}.
8®8)
AS=0 AS =1
Bt —» K*tK*0 Bt — ptK*0
Bt _)p+p0 Bt _)pOK*+
BT — wgpt BT - wgK*t
BO - K*OI_(*O B(S) - K*O[‘(*O
B’ — ptp~ B) = ptp”
B — p0p0 BY — p0p0
BY > K*TK* Bg — K*TK*~
B® — plwyg BY — plwy
B = wgwyg B = wgwyg
BY - ptK*- BY - p~K**
BY - pol_g*o BY — pOK*0
BY — wgK*0 BY - wgK*0
§®1
AS=0 AS=1
BT - wpt BT - w K**
B’ — po, BY — plo,
B - wgm, BY - wgm,
BY - w,K*° B = 0, K*0
1®1
AS =0 AS =1
B - 0,0, BY - 0,0,

always symmetric, which implies that the SU(3) piece of
the final state is also symmetric, (8 ® 8);.

1. RMEs

We begin with the (8 ® 8)¢ final state. The quarks
(u,d, s) form a triplet (3) under SU(3), so that the initial
state B = (B*, B°, BY) also is a 3. The weak Hamiltonian
[Eq. (17)] transforms as a 3j, 33, 6, or 15 of SU(3) (for
more details on these representations, we refer the reader to
Refs. [2,33]). For the final state, (8 @ 8)s =1 @ 85 @ 27.
This yields five RMEs that can be split into pieces

proportional to A and 2'7;

= (1)]3°||3) = 4”4y = 27 AL,
= (8]13(|3) = A Ay - AV AL,
= (8]16]|3) = A" Ry — 1Ry,
= (8][15°(13) = APy - 2,7 P,
Py = (27|[1513) = A P, = 47 P, (31)
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Here, the A{ g RMEs involve the 37 piece of Hy, while the
Al ¢ RMEs involve the 33 piece. (Note that the notation
used here for the (1||3*||3) and (8]|3*||3)RMEs is different
from that used in Refs [1,2]: Alf(s) and AII(S) in this paper
correspond, respectively, to A;g) and By g of Refs. [1,2].)

The last three RMEs above have EWP-tree relations
[33]:

3(cg = cy0) 3(C9+C10)Pu

This reduces the number of independent RMEs in B — PP
decays from ten to seven. In the B — VV decays, the
number is reduced from ten to seven for each polarization.

As was the case with B — pK* and B — 7K, each of the
(8®8)y B— VV decays in Table II has a B — PP
counterpart (p — z, K* - K, wg — ng). These B — PP
decays were analyzed in Ref. [2] under the assumption of
SU(3), symmetry. For these decays, the final state also
transforms as (8 ® 8)g, so that the expressions for the
B — PP amplitudes in terms of RMEs/diagrams also apply

Ry = -—Rj§. P = - —P¢, to each polarization of the related B — VV decay. The
2 (CI_CZ) 2 (C1+C2) .. . .
decomposition of the various (8 @ 8)g B — VV ampli-
Pl — 3 (co +c10) pu_ (32) tudes in terms of the SU(3), RMEs defined in Eq. (31) is
T2 (1) 7 shown in Appendix A.
TABLE IIl.  SU(3), RME contributions to the AS = 0 and AS = 1 B — VV amplitudes for the (8 ® 8) final states. These apply to
each polarization of the B — V'V decays.
ﬂ.;sq) /15‘/)
€1, €2 €3, C4, Cs, Cg, C9, Cpo €9, C10
Decays AY 8 8 Py Py, Al Af R} P P
= + =+ g0 3 -1 3V3 2V3 3 3 93 63
AS=0 Bf > KK 0 _% = Tf Tf _% v Tf Tf
Bt = ptp0 0 0 0 0 NG 0 0 0 0 36
Bt = wgpt 0 V2 V2 _32 3v2 0 V2 _V6 _92 92
0 0740 1 \/gl \/ﬁ y y 1 \/51 3\6 y y
B> KK -5 -7 B R ~3A - o ¥ W
0 + - 1 1 L 3 3 1 L 3 3
B =p7p i VB v 23 Ui v S
0 N I 1 _2
B = KK e RS S W3 /i I
0 0,0 _ 1 _ 1 1 3 33 _ 1 L -3 3V3 39v3
B" = pp e Tvm Vw5 28 G 7% o ¥ 2
0, 0 1 | 1
BY = plwy 0 7 G 1 0 0 7 _% 3 0
0 1 1 1 1 1 3
Booes -5 8 T % -hi W w W - -wk
0 + prE— 1 3
BY — pOK*0 0 _v L _V3 3v6 0 _3 -1 _33 9v6
s 7P V10 V10 5v2 5 V10 V10 V2 5
0 1 *0 1 1 1 1 3
BY = sk O W ® v ¥ 0 W W T ¥
= + + gr+0 3 — L 3V3 2V3 3 3 93 6V3
AS=1 B*—p'K 0 -z RRREN: B Ve 0 4 MY S
Bt — pK*+t 0 V3 L _3v3 46 0 A3 -1 _9B  12v6
-P V10 V10 52 5 V10 Vio 5V2 5
+ ot | | 3 | 9
BT ~ sk 0 - ~wm s L 0 a - T R
B - p=K** 0 V3 -1 V3 43 0 V3 3 3v3 12v3
NG V5 5 5 V5 Vs 5 >
BY — pOK*0 0 _v L _3 3v6 0 _3 - _33 9v6
o7 Vio Voo T5a 0 s Vio Voo T5a S
0 40 | | 1 | 3
B — wgK O - wm T ¥ 0 w - v %
0 40 740 1 | 1 1 | 3
BI-KOK® =55 - o~ ¥ % 3 A s
0 + ) 1 2 1 2
Be=ptp v o 0 - R i 7 R
0 K rk— 1 1 1 1 1 3
BeoK"K™ 5 s cw -% % W 7= RS
BY — p°p° - 2 0 V6 3 - V2 0 3v6 3v3
s PP 2v6 V15 5 1072 2v6 V15 5 10v2
B - o, o K ot 3 IS
0 — 1 V2 6 93 —_1 2 36 273
Bioows s - 0 % 8w % 0 - 4
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The final states that transform as 8 ® 1 include one of p,
K* or wg, and w,. There are three RMEs that can be split

into pieces proportional to A and A'¢):

Cs = (8][3|I3)sg1 = A" Cl = 47,
L = (8][6]13)sg1 = A L — 4 L§,
My = (8][15°||3)gqy = A MY — 27 M. (33)

Here, the C{ RME involves the 3] piece of Hy, while the
C{ RME involves the 3; piece.

The last two RMEs above have EWP-tree relations
similar to those in Eq. (32):

(cg = c1)
(c1 =)

(cg + c10)

Ly =
s (c1 +¢2)

3
Lg, My =3 Ms. (34)

[\SR OV

This reduces the number of independent RMEs in these
decays from six to four. The amplitude decompositions for
the 8 ® 1 B — VV decays in terms of the above RMEs are
given in Appendix A.

Finally, the 1 ® 1 final states contain two @, s. There is
a single RME that can be split into pieces proportional to

29 and /ng):
C = (1[3|3)1gy = AV Ce = 2"Cy, (35)

with no EWP-tree relations. There are therefore two
independent RMEs. The amplitude decompositions for
the 1 ® 1 B — VV decays can be found in Appendix A.

TABLE IV. RME contributions to the AS =0 and AS=1 B —

polarization of the B — V'V decays.

TABLE V. RME contributions to the AS =0 and AS =1
B — VV amplitudes for the 1 ® 1 final state. These apply to each
polarization of the B — V'V decays.

Lo
S
toN
S

Q-

Decays Cct

AS=0
AS =1

B’ - w0,

Sk S
Sk S

BY - w0,

2. Diagrams
The amplitudes can also be expressed in terms of

diagrams. There are six diagrams proportional to 15,‘1): T,
C,P,., E, A, PA,.. There are eight diagrams proportional
© 471 Piey PAye, Pey, PGy, Piw, Ply, Phiy, P

For the (8 ® 8)¢ final state, Ref. [2] gives the
expressions for the B — PP amplitudes in terms of
diagrams. As usual, these expressions also apply to each
polarization of the B — VV decays. They are given in
Appendix B.

Since there are six diagrams proportional to /15,'1) , but only
five RMEs [Eq. (31)], only five linear combinations of the
diagrams can appear in the amplitudes. We eliminate the E
diagram by defining five effective diagrams:

E, C=C-E, P,. =P, —E,
E,  PA, =PA, +E. (36)

Similarly, there are eight diagrams proportional to ,15‘”, but

only five RMEs. Once again, only five linear combinations

VV amplitudes for the 8 ® 1 final states. These apply to each

ﬂgq) AE!J)

cly Co €3, C45 Cs5 C» Coy Clo Co, C1o
Decays Cy Lg H Ci L M;
AS=0 BT = ptaw, 1 % —% 1 -3 _\/ig
B° > w,wg —Jig % % _% _% %
BY - 0, K*° 1 _% % 1 J3 %
AS=1 Bt - o K*t 1 % _% 1 -3 _%
BY - @, K*° 1 _% % 1 V3 %
BY = pPw, 0 % % 0 -6 %55
BY = w4 V2 0 V6 V2 0 36
V3 V5 V3 V5
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TABLE VI.
each polarization of the B — V'V decays.

Diagrammatic contributions to the AS = 0 and AS = 1 B — VV amplitudes for the (8 ® 8) final states. These apply to

20 29
Decays T € Pe A PA. E P, PA, Poy Py Py Ph P Piy
AS=0 Bt - KK 0 0 1 1 0 0 1 0 0 —% 0 % —% 0
+ + ,0 1 1 1 1
B —>wgp_ % "% "% "7 0 0 -7 0 % T 0 3% I 0
B? — K*0K*0 0 0 1 0 1 0 1 1 0 —% _% _% _% _%
B — ptp- -1 0 -1 0 -1 -1 -1 -1 o0 -2 I L L 1
BY —» K*TK*~ 0 0 0 0 -1 -1 0 -1 0 0 —% 0 0 %
0 0,0 1 1 1 1 1 1 1 1 1 1 1 1
BY - plwg 0 0 -7 0 0 A 7 0 0 NG 7 3V NG 0
BY = wywg 0o L 1 9 4 a1 1 _ 1
V2 32 V232 32 V2 3V2 9v2 3V2 92 92 3V2
B stk -1 0 -1 0 0o 0 -1 0 0o -2 0 1 L 0
BY — pOK*0 0 - 1 0 0 0 L 0 - 1 0 1 1 0
BY = axK o -L L 0 o 0 L 0o -1 -0 . 0
AS=1 Bt - ptK? 0 0 1 1 0 0 1 0 0 —% 0 % —% 0
0 g+ 1 1 1 1 1 1 1
Brmmk™ % -% % w ° ° % 0 -% - 0 sz s O
BSp Kkt -1 0 -1 0 0 0 -1 0 0o -2 0 1 1 0
0 0 570 1 1 1 1 1 1 1
BO - 'K 0 0 s 0 0 0 7 0 kT 0 T 0
B — wyK’ 0 -L L 0 0 0 L0 -k o0 0
BY — K*0K*0 0 0 1 0 1 0 1 1 0 —% _% _% _% _%
BY = ptp~ 0 0 0 0 -1 -1 0 -1 0 0 —% 0 0 %
Bg — KO*+OK*‘ -1 0 -1 0 —11 —11 -1 —11 0 —% _1% % % %1
BY — p% 0 0 0 o L L 0 L 0 o L0 0 -l
BY — plwy 0 - 0 0 o L 0 0 -k 0 . 0 0 0
0 1 1 1 1 1
B; = agoy 0 2 22 0 G 55 22 2 MR -5 3220 g
. . . . . . 3 Z - - - A - ~ -
of the dlagrjdms will appear in the amplitudes. To this end, Pow = -~ —9(T LA+ —9(T— c-A)|,
we define five effective diagrams: 4|z A
— 319~ = o~ Ay, - . -
. - Pgw_—Z[Z—Q(T+C—A)—A—"(T— —A)},
Pry = Pew + Py, Phy = Py — Phy, 321 !
_ . 1 pio— 2294 38
Phy = PRy + Pfy, PtcEPtc_g(PE%v_Pgw)a EW 2%, (38)

— 1 A
PA,. = PA,. =3 (Peyi + Py).

(37)
Only the effective diagrams of Eqgs. (36) and (37) appear in
the B — VV amplitudes, and each 29 [/154)] effective
diagram can be written as a linear combination of the five
A7 1291 RMEs.

Finally, just as there were three EWP-tree relations
involving the RMEs [Eq. (32)], there are three EWP-tree
relations involving the effective diagrams:

where X = ¢ + ¢y, X9 =9+ C19, A =c¢; — ¢y, and
Ag = cg — cj9. With these EWP-tree relations, there are
five independent effective diagrams in the A, sector, T, C,

15\,;5, A, and PA,., and two in the /, sector, P,. and PA,,.

The expressions for the 8 ® 1 B — PP amplitudes in
terms of diagrams are computed in Ref. [2]. As usual,
these expressions also apply to each polarization of the
corresponding B — VV  decays. They are given
Appendix B. We note that there are five diagrams in

the /L(f’) sector, but there are only three independent
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TABLE VII. Diagrammatic contributions to the AS = 0 and AS = 1 B — VV amplitudes for the 8 ® 1 final states. These apply to
each polarization of the B — V'V decays.
/15;1) }'5‘1)
Decays T Cc Puc A PAuc E Ptc PA[U PEW P]gW PéW PEW Pg{’v PIIE)\A;\;
- + + 1 1 2 2 2 1 4 2
AS=0 B - pTw v % A 0 0 % 0 0 35 0 35 T34 0
0 0 2 2 2 1 2 2 2
BY = plw, 0 0 NG 0 0 -% 7 0 % IR ~% "% % 0
B = w wg 0 _v2 _v2 0 0 ¥z _v2 0 -1 v _v2 2 V2 0
. o 3 3 0 0 03 )3 0 8\/2 % 03 % % 0
_ + w1 1 2 2 2 1 4 2
AS=1 B0 - leO R Zg e 0 0 ? 0 0 Vg 0 Wg —¢ 0
* 1
B - w K 0 7 Ve 0 0 0 7 0 0 —37 0 =357 T3 0
0 0 1 2 1 2
B(s) - plw, 0 —lﬁ 0 0 0 _ZE 0 0 —? 0 -% 0 0 0

RMEs. The three effective diagrams that appear in the
amplitudes are defined as

T=T+2A, C=C+2E, P,.=P,—E. (39
Similarly, there are six diagrams proportional to /qu) in
the amplitudes, but they only appear in three linear
combinations. The three independent effective diagrams
are defined as

IS]?VEPEW‘FzPéw’ Pl = Phy + 2PLy;,

1
Ptc'EPtc_g(P;EJ{V_PEW)' (40)

There are therefore two EWP-tree relations involving the
effective diagrams:

. 38 = s Ay s
Piw = =2 | 22(T 29(F

EW 1 {21 (r+c¢ A, ( C)}»

P 3129 ~ = Ao -~ -

c _2 = _29F_
PSyw 1 {21 (T+C) A, (T C)} (41)

This leads to a total of three independent diagrams in the 4,,

sector, 7, C, and I?;C, and one in the A, sector, PNtC [Note
that, despite the fact that they have the same name, these

diagrams are not the same
amplitudes. |

Finally, using the expressions for the 1® 1 B — PP
amplitudes in terms of diagrams given in Ref. [2], the
amplitude decompositions for the 1 ® 1 B — V'V decays in
terms of diagrams are shown in Appendix B. From these,
we find that there is only one effective diagram proportional

to 15,‘”, C=C+ P, + E + 6PA,, and one proportional to

™~ P, PA,
qu), P, =P, . +6PA,. —%Pgw —%PEW _%PEW — 2Py
There is no EWP-tree relations in this case.

as those in the (8 ® 8)g

IV. FIT RESULTS

In this section we present the results of our fits to the data
in B — VV decays. We describe three different analyses.
First, we examine only B — pK™* decays, assuming isospin
symmetry. Second, we combine all B — V'V decays under
the assumption of SU(3) ., but restrict V € {p, K*}. Finally,
we extend the SU(3), analysis to include all B - VV
modes, V € {p,K*, ¢, w}.

In the previous section, we expressed the B — VV
amplitudes as functions of both RMEs and effective
diagrams. As long as all diagrams are kept, these two
are equivalent. We choose to perform the analyses using the
effective diagrams as the unknown parameters to be
determined from the fit. The advantage of using diagrams

TABLE VIII. Diagrammatic contributions to the AS = 0 and AS = 1 B — VV amplitudes for the 1 ® 1 final states. These apply to
each polarization of the B — V'V decays.
/11(;1) /1511)
Decays T ¢ P, A PA., E P, PA, Psw PS P, PE, Py Phu
AS=0 B> oo 0 \/Ti @ 0 222 \/Ti \/Ti 242 0 \/Ti 0 _@ _JTZ _%ﬁ
AS=1 BY 5 oo 0 Q @ 0 222 @ 4 222 0 _@ 0 _\/Ti _@ _%ﬁ
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is that it allows us to easily add theoretical input by making
assumptions about the relative sizes of the diagrams.

In addition to the diagrams (magnitudes and relative
strong phases), the amplitudes depend on the CKM matrix

elements involved in /15,7,) and the weak phases £, y, and f,.

The values of all of these quantities are fixed to their world
averages [36].

In order to gather the data for the fits, we proceed as
follows. For those observables for which there is a single
measurement, we take the values directly from the exper-
imental papers. For those observables for which there are
several measurements, possibly by different experiments,
we use the average values given by the Heavy Flavor
Averaging Group [5] or by the Particle Data Group [36]. All
the fits are done using the Minuit package [37] to find the
minimum y°.

A. B — pK* decays, isospin

As we saw in Sec. III A, once the EWP-tree relations are
taken into account, the four B — zK amplitudes can be

expressed in terms of four effective diagrams: T, C, and 13:6

(proportional to A) and P,, (proportional to A\*). This
result also applies to each transversity component of the four
B — pK* decays, making a total of twelve diagrams. This
corresponds to 23 unknown parameters, 12 magnitudes of
diagrams and 11 relative strong phases. From Appendix C
and the careful counting in Appendix F, we find that there
are a total of 26 measured independent observables in the
B — pK* decay modes, so a fit can be done.

As only the differences of strong phases are measurable,
in the fit we set the strong phase of the 7, diagram to 0; the
strong phases of other diagrams are allowed to vary
between O and 360°. The results are shown in
Appendix D: we find an acceptable fit with y2. /d.o.f. =
3.6/3 for a p-value of 0.31.

Even so, there is a problem here. As mentioned pre-
viously, one can estimate the relative sizes of certain
diagrams. In particular, as noted in Sec. III, it is expected
that |P,./P,.| < 0.5 [Eq. (18)]. But in Appendix D, we see
that

Pl./PL]

1P,/ P — 164, |PL/PL| = 240.

(42)

= 229,

One must be careful, as these are effective diagrams: ISIC =
P, +A and P, =P, —1(PLy — PEy) [Eq. 24)]. We
expect ]3; ~ P,., but A could be comparable to P, in ISVM
Even so, we expect |A| to be smaller than |P,.|, so that the
above results exceed expectations [Eq. (18)] by a factor of
at least ~300.

With this in mind, we redo the fit putting a constraint on

|Pi./Pk|. Because the ratio |P,./P,.| as calculated in

Ref. [24] is a rough estimate, and since there may be other
difficult-to-quantify hadronic effects associated with this

ratio, we impose the conservative constraint |P%./P%| < 1.

The results of the fit with this constraint are shown in
Appendix D. We find that the fit quality is considerably
worse: now y2. /d.o.f.=26.1/3, for a p-value of
9.1 x 107°. This corresponds to a 4.4¢ discrepancy with
the SM and hints at a potential disagreement between the
theoretical expectations and the measurements. The observ-
ables that most contribute to the y2 in this fit can be found in
Appendix E. We note that, in the B — zK fits of
Refs. [1,2,33], the best-fit value of |I;M/L/I/’;| was also
larger than expected. There, this ratio was in the range
10-100.

B. B — VV decays, Ve {p,K*}, SUQ3)x

We now turn to the combined fit of all the B — VV
modes in which V € {p, K*}. Here the final state transforms
as (8 ® 8) under SU(3),. As we saw in Sec. III B, once
the EWP-tree relations are taken into account, the ampli-
tudes for the (8 ® 8) B — PP decays can be expressed in

terms of seven effective diagrams: 7, C, 15; A, and PA,,

are proportional to /1,(,"), while 13,: and 1?4; are proportional

to 15"). This applies to each transversity component of the

B — VV decays, so there are a total of 21 diagrams,
corresponding to 41 parameters (21 magnitudes of dia-
grams and 20 relative strong phases).

As can be seen from the (8 ® 8) category of Table II,
there are eight AS = 0 and eight AS =1 B — VV decays
in which V € {p, K*}. However, to date, only six AS = 0
and five AS = 1 decays have been measured. The available
experimental data in the AS = 0 and AS = 1 channels can
be found in Appendix C. Counting only the independent
observables, we see that there are 17 (29) observables
measured in the AS = 0 (AS = 1) modes. This means that,
contrary to the fits to the B — PP data performed in
Refs. [1,2], the individual AS = 0 and AS = 1 fits cannot
be performed as there are more unknown parameters than
there are observables.

On the other hand, the combined AS = 0 and AS = 1 fit
can be performed with the assumption of SU(3) » symmetry
(i.e., AS = 0and AS = 1 decays are described by the same
diagrams). The results are shown in Appendix D. We find a
terrible fit: y2. /d.o.f. = 39.2/5. This corresponds to a p-
value of 2.2 x 1077, or a 5.2¢ discrepancy with the SU(3)
limit of the SM. (We note that a sizeable disagreement with
the SM was also found in the combined fit of charmless
B — PP decays [1,2].) The largest contributions to the y?
can be found in Appendix E.

In fact, the discrepancy with the SM is almost certainly
larger than 5.2¢. Recall that, in Sec. III, we noted that
|P,./P;| <0.5 is expected [Eq. (18)], but in B — pK*

decays the ratios |P%./P%| (A= 0,]|, L) were larger than
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TABLEIX. Observables for AS = 0 B — VV decays in which V € {p, K*}. Data labeled *,  and ' are taken from Refs. [36,38,39],

respectively. The remaining data are taken from Ref. [5].

Decays Bt — K*TK*° BT — pp° BY —» K*0K*0 BY = ptp~ B — K*TK*~ B — p0p0

Bep (x107) 0.91 +£0.30 240+1.9 0.6810:13 28.0+ 1.7 0.527 987 0.96 +0.15
Acp —0.051 £ 0.054 0.00 £+ 0.08* —0.24+0.9f7
Scp —0.18 £0.11* 0.340.7"F

7o 0.82:012 0.950 £ 0.016 0.61 % 0.03 0.970+0015 0.71 + 0.06
]H 0.170 £0.028

7. 0.240 £ 0.028

this by a factor of at least ~300. When the constraint
|Pi./Pk| < 1 was imposed, the B — pK* fit was found to
be in serious disagreement with the expectations of the SM.
In the case of the combined B — V'V fit, we see that

PO /PY| =22, |Ph/Pl| =45 |PL/PL|=52.
(43)

While these ratios are less extreme than those found in the
B — pK* case, if the fit were redone with the constraint

|P4./Pt| <1 imposed, then one would clearly obtain a
larger discrepancy. It is true that this result assumes perfect
SU(3) symmetry, but even so, it seems clear that there is a
serious problem here.

Ideally, one would add SU(3).-breaking effects in a
complete and rigorous way in order to see how large they
would have to be to explain the data. However, such a study
goes beyond the scope of this analysis. Without this, the
best way to estimate the required size of the symmetry
breaking is to separate the data into AS =0 and AS =1
decays, perform independent fits, and then compare the
central values of the parameters. Unfortunately, since the
number of parameters largely surpasses the number of
observables, it is not possible to separate the two sectors.
An alternative to this decomposition is to add three
independent scaling factors (one per polarization) that
multiply the parameters for the AS =1 decays.
Including these breaking parameters and redoing the B —
VV fit with V € {p, K*}, we find that a breaking of 1400%
is required to get an acceptable fit, which we take to be a
p-value of 5%. This is largely driven by the breaking in the

......

from Refs. [15,18,40], respectively. The remaining data are taken from Ref. [5]. The entry labeled * is the error-
weighted average of the measurements from Refs. [15,41]. The tangent of the angles are used in the fits for better

convergence.

Observables Bt — pTK*0 Bt — pOK*t BY = p~K** B — pOK+0 BY — K*0K*0

Bep (x1070) 92415 4.6+ 1.1 103426 3.884+0.77 9.38 4 0.481T

Acp —0.01 +£0.16 0.470 £ 0.058 021 +£0.15 —0.06 +0.09

Fo 0.48 +0.08 0.66 + 0.04* 0.38 +0.13 0.173 £ 0.026 0.16 +0.01

Nl 0.435 £ 0.0457 0.34 £ 0.02

i 0.401 £ 0.0407" 0.500 + 0.014
av 0.720 + 0.029°

Ao -0.62 £ 0.13"

A, 0.188 £ 0.0437f

Ay 0.050 =+ 0.0427f

AL, 0.664 + 0.088"

AL, —0.063 £ 0.1407

Aép 0.284 + 0.149°

o 1.57 £0.207f

8 0.795 4+ 0.0747

5, —2.365 £ 0.063

5§57 0.360 + 0.092° 0.12 4 0.09f

s"* 0.239 £ 0.110f 0.014 £ 0.0407"

5¢° 0.206 + 0.109° 0.000 + 0.0357"
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parallel component, but the breaking in the longitudinal — The ideal mixing angle 6,, = arctan(1/2) & 35.3°, so that ¢
polarization also surpasses expectations, with a required  becomes pure s5 and @ becomes pure uii + dd.

breaking of 500%. Both of these are far larger than the There are nine AS = 0 and nine AS = 1 B — VV decays
~30% SU(3), breaking expected in the SM. in which at least one V € {¢, w}. Eight AS =0 and six
AS =1 decays of this type have been measured. The

C. B — VV decays, Ve {p.K*.¢. 0}, SUB3), available experimental data for the AS =0 and AS =1

channels are given in Appendix C.

As shown above, the physical ¢ and @ mesons are linear
combinations of the wg and w; states, which are part of the
octet and singlet of SU(3) .. The final states containing a ¢
¢ = wgcosb, + w;sinf,, or w along with a p or K* meson correspond to the (8 ® 8)
and 8 ® 1 decays of Table II, whereas the final V'V states in

The physical states ¢p and @ are admixtures of wg and @,
and can be written as

® = —wg $in6,, + @, €086, (44) which both V s € {¢,w} correspond to all three types of
decays of Table II.
where For the (8 ® 8)g decays, there are seven independent
diagrams for each transversity component. For the 8 @ 1
265 — uii — dd wii + dd + s3 and 1 ® 1 decays, there are four and two independent
g ET’ 01 ET- (45) diagrams for each transversity component, respectively.

TABLE XI. Observables for the AS = 0 B — VV decays in which at least one V € {¢), w}. Data labeled *, T, ¥, 77" and 71T are
taken from Refs. [42,43,36,44,45], respectively. The remaining data are taken from Ref. [5].

Decays Bt - wpt Bt = ¢pt B > wp® B0 — ¢p° B’ - ww B = w¢ B = ¢¢p BY - pK*0
Bep (x107%) 159 £2.1 1.5+ 1.1 08+0.5" 0.09+0.16* 1.40+£0.25™ 0.0+ 037" -0.04 £0.12* 1.144+0.29
Acp —0.20 +0.09 —0.44 + 0.441171

]0 0.90 + 0.06 0.87 £ 0.18777 0.51+£0.17
7 021 £0.11

TABLE XII. Observables for the AS = 1 B — VV decays in which at least one V € {¢, w}. Data labeled *, ¥, ™, and " are taken
from Refs. [43,18,46,47], respectively. The remaining data are taken from Ref. [5]. The tangent of the angles are used in the fit for better
convergence. Note that the angles given in [46] assume that §, = 0, which has been taken into account in the fit.

Observables BT - wK** BT - ¢K** BY —» wK*0 B? — pK*0 BY = ¢p° B0 = ¢¢p
Bep (x107%) 24+£1.0° 100+ 1.1 2.04 +0.49 10.09 £ 0.49 0.27 +0.08 185+14
Acp 0.29 £0.35 —0.01 £ 0.08 0.45£0.25 —0.001 £ 0.041

fo 0.41 +£0.19 0.50 £+ 0.05 0.69 £0.11 0.497 +0.017 0.378 £ 0.013
}H 0.22 +£0.217

7L 0.20 £ 0.05 0.10 £ 0.13% 0.224 £0.015 0.293 £0.010
Ao —0.13 +0.30° 0.003 £ 0.0387

A, 0.26 4 0.59°

Al 0.34+0.97 —0.047 £ 0.0757"

| 1.02 4 0.1777
1Ay /o] 0.78 + 0.2177
AN 0.97 + 0,227
5 ~0.86 +0.77"

Sﬂ —1.834+0.437 2.562 £ 0.08077

5. 1.6 +£0.7 2.633 £0.072"

55P 0.03 £+ 0.33F

5?’ 0.59 £+ 0.30° —0.045 +0.07177

5¢F —0.25 + 0.467 —0.062 + 0.06277

51— 8 2.463 + 0.0301
6, — 0 2.769 £ 0.106" 77
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This corresponds to 77 unknown parameters: 39 magni-
tudes of diagrams and 38 relative strong phases.

As was the case with B — VV decays in which
Ve{p,K*}, the individual AS=0 and AS=1 fits
cannot be performed as there are more unknown param-
eters than there are observables. However, the com-
bined AS=0 and AS =1 fit can be done, and the
results are shown in Appendix D. With the addition of
decay modes in which at least one Ve {¢,w}, the
disagreement with the SMgy(3), has increased signifi-
cantly: now y2. /d.o.f. = 130/20, for a p-value < 10713,
or a discrepancy of > 7¢. The problem we saw in the
previous fit is even more pronounced here.

We note that, for the B — VV fit with V€ {p, K*}, we
found y2. =39.2, whereas when V € {p,K*, ¢, w}, we
have x2. =130. Can we pinpoint the cause of this
dramatic increase in y2. ? It turns out to be a variety of
factors. Most observables measured in decays with at least
one ¢ or w in the final state do not contribute significantly
to y2. . Those that most contribute can be found in
Appendix E. We see that two observables that have a
particularly large y* contribution are B(B® — ¢K*°) and
B(B® — wK*?), each of which gives a contribution of over
20. The main effect of including in the fit B — VV decays,
in which at least one V € {¢, o}, seems to be to increase the
tension with the other decays. To be specific, in these new
decays, f; < fr is not observed, in contrast to some
decays in which Ve{p,K*}. As a result, polarization
measurements in AS =1 B — VV decays with no ¢ or @
have larger contributions to 2. than before. For example,

fo in B® = p°K*" now has a contribution of 10, whereas
before it contributed 1.9. In fact, the total contribution to
x> from polarization measurements in AS = 1 decays is
around 20, compared to around 5 in the fit involving decays
with no ¢ or w.

V. SUMMARY

Recently, B — PP decays (B€{B°,B*,B}, Pe
{r,K,n,n'}) were studied under the assumption of flavor
SU@B) symmetry [1,2]. Fits to the latest data were
performed, and it was found that the individual fits to
AS=0 or AS=1 decays are good. However, the
combined fit is very poor: there is a 4.1c disagreement
with the SU(3), limit of the Standard Model. A
comparison of the individual AS = 0 and AS =1 results
suggests that SU(3) is broken at the level of 1000%, far
larger than the ~30%SU(3), breaking expected in
the SM.

In this paper, we extend this analysis to B — V'V decays,
in which V € {p, K*, ¢, }. The methodology is the same
as for B — PP decays, except that the V'V final state comes
in three helicities. That is, there are three times as many
unknown parameters in B — VV decays as there are in

B — PP decays. But there are also many more B — VV
observables, so that a fit can be done.

Three types of fits have been performed. First, B — pK*
decays are examined, assuming only isospin symmetry. We
find that y2, /d.o.f. = 3.6/3, for a p-value of 0.31. This is
an acceptable fit. Second, we study all B — V'V decays in
which Ve{p, K*} assuming SU(3),. There are not
enough observables to perform the individual AS =0 or
AS =1 fits, but we can do the combined fit. We find
yai/d.o.f. =39.2/5, for a p-value of 2.2 x 1077, This
is a terrible fit: it corresponds to a 5.2¢ discrepancy with
the SU(3); limit of the SM. Finally, we consider B — VV
decays with V € {p, K*, ¢, w}. The fit gives y2. /d.o.f. =
130/20, for a p-value <107'3, or a discrepancy of >7¢ (!).

In these fits the parameter space is very large: there are
23 unknown parameters in the B — pK* fit, 41 in B - VV
decays with V€ {p, K*}, and 77 in the fit to the data for
B—VV, Ve{p,K*, ¢,w}. With so many parameters,
how can we be sure that we have found the true minimum
x*? Given the size of the parameter space, it was necessary
to do many crosschecks. We therefore repeated the fits
using codes written by three different people, always taking
tens of thousands of different starting points. The three fits
all found the same results.

The only theoretical input in our analysis is the neglect of
the Wilson coefficients ¢; and cg. This approximation is
expected to be good to about 10%. Apart from this, our
results are rigorous, group theoretically, and hold exactly in
the SU(3), limit. The only remaining theoretical task is
to examine SU(3), breaking. It seems unlikely that the
introduction of ~30% SU(3) o-breaking effects can account
for a > 70 discrepancy with the SM, but this must be
checked.
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APPENDIX A: B - VV AMPLITUDES—
DECOMPOSITION IN TERMS OF RMES

In B — VV decays, the final-state vector V can be a
member of the SU(3), octet 8= {p*,p° K** K*,
K, wg} or the singlet 1 = w,. (The physical @ and ¢
mesons are linear combinations of wg and w;, see
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Sec. II B.) The VV final state therefore comes in three
categories: (8 ® 8)5,8 ® 1, or 1 ® 1. Each category has its
own set of RMEs; these are defined in Egs. (31), (33), and
(35), respectively. All B — VV decay amplitudes can be
decomposed in terms of RMEs. For the three categories of
decays, this decomposition is shown below in Tables III,
IV, and V, respectively.

APPENDIX B: B - VV AMPLITUDES—
DECOMPOSITION IN TERMS OF DIAGRAMS

The B — VV decay amplitudes can also be decom-
posed in terms of diagrams. For the three categories of
decays, (8 ® 8)5, 8 ® 1, or 1 ® 1, this decomposition is
shown below in Tables VI, VII and VIII, respectively.
Note that, even though we use the same symbols for the
diagrams in the (8®8);, 8® 1, and 1® 1 decay
amplitudes (T, C, etc.), they are different in the three
decay categories.

TABLE XIII

APPENDIX C: MEASURED B —» VV
OBSERVABLES

Tables IX—XII present the data used in our analysis. The
data is separated between AS = 0 and AS = 1 decays, and
between the decays that have no @ or ¢ in the final state,
and those that have at least one of these particles. The
different observables are described in Sec. II C.

APPENDIX D: FIT RESULTS

Table XIII shows the best-fit values for the B — pK*
decays using isospin symmetry. These same decays are also

studied with the additional constraint |Pf./Pf| <1
(A=0,]|,L), and the results are shown in Table XIV.
The B — VV decays, V €{p, K*}, are studied using the
SU(3) symmetry, and the fit results are shown in
Table XV. Table XVI shows the best-fit values for the
B — VV decays, V € {p, K*, ¢, w}, with the assumption of
SU(3), symmetry.

Results of the fit to observables in B — pK* decays. The magnitudes of diagrams for the three

transversity components are allowed to vary freely, and the phases vary between 0 and 360°. We find

22 /d.o.f. =3.6/3, for a p-value of 0.31.

Parameter Best-fit value Parameter Best-fit value Parameter Best-fit value
IT°| 45+ 8 |T”| 324+11 ITL| 23+ 8
1| 25+4 rel 1446 I | 2444
PO, 27+ 4 |P‘l‘u| 27.1+34 PL| 9.6+ 1.5
1PY.| 0.118 +0.035 |Pl‘c| 0.165 £ 0.023 PL 0.040 + 0.027
5~ (157 + 14)° ~ (332 £ 15)° 5~ (203 + 4)°
o cl ct
o~ (143 £ 14)° 5~ (256 £ 13)° o~ (109 £23)°
Pie Ple Pl
o~ (36 +£23) x 10° 5~ (252 £ 12)° o~ (139 +32)°
P'o" P)(, P’L'-'
5~ (299 + 14)° 5~ (128 + 15)°
T° Tl

TABLE XIV. Fit results for the B - pK* decays in which we have fixed |I;vfu / Ij’Z\ <1(1=0,

, L). The phases

vary between 0 and 360°. We find y2, /d.o.f. = 26.1/3, for a p-value of 9.1 x 107°.

Parameter Best-fit value Parameter Best-fit value Parameter Best-fit value
ﬁwvo‘ 320+ 1.5 |TW 24.6 0.9 |ﬁ| 33433
‘66‘ 6.4+0.9 |a| 26.5+0.8 ‘EJ/_| 14+1.9
‘P2c|/‘P(r)c| 1.0+ 0.6 |P‘L|lc‘/|P‘t|c‘ 1.0+0.5 |Pula|/|Pi 1.04+0.9
‘P90| 0.227 £0.018 |P‘I‘c‘ 0.029 £ 0.016 |PfE 0.453 £0.021
5C~0 (347 £9)° & (36.8 £ 1.2)° 5C~L (27 £13) x 10°
o6~ (6 +20) x 10° o~ (36 29) x 10° o~ (32 +£28) x 10°
P Pl P
o~ (63 £7)° ~ (36 £35) x 10° o~ (3+7)x10°
P, pl PL
6~ (297 £ 10)° o~ (216.7 £ 1.2)°
T° Tl
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TABLE XV. Fit results for the B — VV decays, with V € {p, K*}. The magnitudes of diagrams for the three
transversity components are allowed to vary freely, and the phases vary between O and 360°. We find

22 /d.of. =39.2/5, for a p-value of 2.2 x 1077,

Parameter Fit result Parameter Fit result Parameter Fit result
"Tvo‘ 169+1.0 |TW 21+14 ‘}I| 27+14
‘CN«)‘ 39+1.0 |,CV”| 1.0£1.3 |EI| 20£1.2
\ch 1.0+£1.1 |P|L‘u| 15+14 |PuLc 1.7+ 1.3
‘;‘vo‘ 34+£1.3 |;J| 07+£1.2 \ANH 13+£14
‘PAO 234+1.0 |PA” | 0.7+ 1.1 ‘PAJ_ 0.9+0.9
uc uc uc
\P9c| 0.451 £0.028 ‘Plr‘c| 0.333 +£0.027 \sz 0.327 £0.027
‘PA?J 0.20 £0.14 |PA‘t|c 05+04 |PA§\ 0.62 £0.32
65) (70 £24)° = (5+8)x10° 5c~i (8 +4)x10°
C
5P~0 (23 £8) x 10° 6~‘ (2+6)x10° 6;1 (10 £5) x 10°
pl.
5A~0 (28 +33)° 5@ (18 £ 14) x 10° 5/; (26 £7) x 10°
o (20 £28)° — (19 £10) x 10° o (26 £7) x 10°
e rAl,
5136 (164 £18)° 5~‘ (45 £5)° 51; (130 £ 4)°
tc P,. %
57 (1+5)x10° 5~H (16 £ 6) x 10° 6; (24 +£5) x 10°
PA;, PA;, PA;
6~ (142 +20)° 6~ (22 +£4) x 10°
T° Tl

APPENDIX E: SIGNIFICANT
CONTRIBUTIONS TO THE y?

In this appendix, we present the observables that
contribute the most to the y* for the three poor fits. To
be specific, we focus on the fits of B — pK* with the

constraint |P}./Pt| <1, B — VV with V€ {p,K*}, and
B — VV with Ve{p, K*, o, ¢}.

In Fig. 2, we present the observables that make the
largest contributors to the y* for the three fits. In general,
these observables make large contributions to only one fit.
For example, in the B — VV fit with ¢ and w, the main
contributors are observables unique to this fit. Still, there
are two exceptions. f&(BT — p’K*) appears in the
B - VV fits with Ve{p,K*} and Ve{p, K* ¢ v}
(though its contribution to the second fit is more than

twice as large as that in the first fit). And (SEP(BJr -
pPK*T) also contributes to both SU(3) fits. In fact, the
largest contributors fitted in both SU(3) fits are all B —
pK* observables.

APPENDIX F: RELATIONS
BETWEEN OBSERVABLES

The amplitude for any B — V'V decay is expressed in
terms of three polarization amplitudes. Furthermore, each
polarization amplitude can, in principle, have two parts,
proportional to two different combinations of CKM matrix
elements. Therefore, the amplitude for a general B - VV

decay depends on six complex hadronic amplitudes, or 11
real parameters—six magnitudes and five relative phases.
However, in Ref. [14], it was shown that a time-dependent
angular analysis can be used in B — V'V decays to isolate
as many as 24 observable angular coefficients. It was also
shown there that not all observable coefficients are inde-
pendent. Six relationships were identified. Still, there are
many more relationships between the observables mea-
sured in B — V'V decays. Here we will identify several
additional relationships.

Let us consider the polarization fractions given in
Egs. (8) and (10), and repeated here for convenience:

A2

|A,)?
fi= ==
AR

~ 1 _
—m’ fzzi(f/1+f/1)-
(F1)

These polarization fractions all satisfy the following

relationship:
dSi=) Fi=) fi=t
1 7 1

Therefore, even though several combinations of the polari-
zation fractions can be measured, there are only four
independent observables among such measurements.

The CP-averaged branching fraction, Bcp, defined in
Eq. (4), is another independent observable, and so is the
direct CP-asymmetry, Acp, defined in Eq. (6). However,
several additional observables used in our fits are not
independent. Similar to the polarization fractions, one can

(F2)
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TABLE XVI.

Fit results for the B — VV decays, with V € {p, K*, ¢, w}. The magnitudes of diagrams for the

three transversity components are allowed to vary freely, and the phases vary between 0 and 360°. We find
22 /d.o.f. = 130/20, which corresponds to a p-value <1075,

Type Parameter Fit result Parameter Fit result Parameter Fit result
(8® 8) |}6| 16.3+0.9 |TW 29409 |771| 3.0+09
|E6| 42+0.7 |a| 0.7+£0.9 \Ct| 1.8+0.7
|1;V3L 14+£0.7 |;)EC 1.2+0.8 |}§£ 1.2+0.7
|26| 3.8+0.8 |Xﬁ| 07+1.1 |AI| 04+0.7
|PA, 2.6+0.6 ‘PAlL‘lC| 03+09 |PAL 0.2+0.6
|I§(Z| 0.563 £0.022 |;)\[v| | 0.418 £0.023 ‘Eg 0.406 £ 0.024
c
|I;;(? 0.28 £0.05 \fjﬂ | 0.36 £0.13 |}?;G_ 0.61 £0.09
c fc c
o~ (87 £17)° ~ (13+£9) x 10° o~ (95 £ 26)°
c0 cl ct
o~ (22 +£4) x 10° o~ (9+5) % 10° o~ (12+4) x 10°
P, Pl P
o~ (46 +23)° o~ (23+9) x 10° o~ (28 £27) x 10°
A? Al AL
— (36 £ 18)° — (24 £27) x 10° (21 £ 14) x 10°
PAY, Pal, PA;
61;5 (175 +9) 6;1‘. (143 £8) 5[;; (147 +£7)
o~ (12 £25)° o~ (248 + 13)° o~ (264 £9)°
PAL PAl, PAL
5T~0 (150 £ 11) 5ﬁ (311 £22)
8®1) |}6| 83+24 |T,HT 6+6 |]A~J/_| 4+5
|| 42+1.38 |l 06 | 0614
|ﬁ),;c 27+1.0 |PT,lc 0.7+1.1 |1;£ 07£12
po 0.568 £+ 0.022 o 0.362 £0.028 pL 0.304 £ 0.026
|Prel |PL.| |Picl
o~ (49 +26)° ~ (25 +£20) x 10° o~ (9+21)x10°
c® cl oL
o~ (175 £ 29)° o~ (7+£21) x 10° o~ (23 £27) x 10°
P, P, Pi
5;9( (184 £ 10)° 5131 (150 £ 5)° 51:# (155 +6)°
o~ (12+5) x 10° o~ (31 £ 10) x 10° o~ (20 +£27) x 10°
T° Tl 7L
1®1) |Z:~V0| 37£22 |a| 04=£29 ‘61| 05£26
|PY.| 0.7+0.6 |P‘t|c 0.8+£0.6 PL 1.1+0.5
o~ (12+£5) x 10° o~ (0 £4) x 100° o~ (29 £33) x 10°
c0 cl ct
o~ (253 £ 30)° o~ (96 +28)° o~ (134 +£27)°
PL

also measure the following polarization-dependent direct
CP asymmetries [see Egs. (6) and (10)] and CP-averaged
polarization fractions [see Eq. (11)]:

J}/l_f/l

L AP - 1aP j
fat 1

AP+ AP
av _ AL + |IZU_|2
AP+ AP

.A)L:

Not all of these observables are independent. First, the three
A;’s and the three f;’s are related as follows:

SAR =5 - =0. ()
A A

Second, Ap can be expressed as a sum of products of the
three f4*’s and the three A%,’s as follows:
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lo 20 30

B—»pK*,

iﬁ;j/ﬁﬂ <t
BB+ —=p*tK™) : 782
BB = pK ") |
JoB* -ptK™)
JoB®— p°K™*)

T
Bl Bk, IPJP <]
[ B-W, Ve{p.K"}
[ ] B->W, VE{p.K . .0}

sL(B+ —p°k*+) |
B(BO—>,00K*0)
fB* =K' |
BB* - p*tK™)

Significant contribution to more than one fit
fB* = p°K™)
BB = p"K™)

B=VV, Ve(p.K* d,w)

BB — pK™0) 27.39
BB - wK™) 21.48
FNB* = pOK" ) 7] 10.21
Jo(B® = p°K™0) | 10.19
5£P(B+—>p°K*+) : NN\ J 6.19 N . . . .
0 5 10 15 20 25 30

2 contribution

FIG. 2. For each of the three poor fits, the figure shows the four observables making the largest contributions to the y> when evaluated
at the best-fit point (see Appendix D). We show five observables for the full SU(3) fit since the contribution of the fifth largest
observable is larger than all the contributions to the B — VV fit with V € {p, K*}. For each observable, the shading identifies the fit(s) to
which it contributes, ranging from the darkest shade for the constrained B — pK* fit to the lightest for the B — VV with @ and ¢.

Diagonal hatching identifies observables that make large contributions to more than one fit.

AP — AP
A2 + AP

|A,)?

Z A, -
Soa(A 1+ 1A,
A% + A7

ZACP PR

=) Al
Z LY (AR + 1A
Note that each AL, (here i represents polarization) is
related to the magnitude |1;| = |A;/A;| defined in Eq. (12),
as follows:

cP —

(F5)

i Mi|2_1

CP — |/1|2+1 (F6)

Finally, a polarization-dependent relationship exists
between 4" and f,. Since in the absence of CP violation
these two quantities are expected to be equal to each other,
we expect their difference to be proportional to a CP-
violating observable. Indeed, we find that the difference is
proportional to Acp:

_F, = |A/1|2+|A/1|2 (|A1|2+|A_/1|2>
ArrIar 2 \jaE T ap
TAR - AR (142 AL i
== L — = A~ A f;.
20AF + |AF \ A jaf) = e

(F7)

Depending on the decay, a variety of different combi-
nations of observables are available from experimental
studies. In our fits, we count the number of independent
observables in each decay to obtain the corresponding
number of degrees of freedom. We found that the
number of independent observables available for our fits
in the B°— KOK* Bt p0K*t B0 pOKO,
BY - K*9K*0, and B° - wK* channels were, respec-
tively, three, nine, eleven, three, and eleven. In all other
decays, the measured observables available for our fits
were all independent.

073008-19



BHUBANJYOTI BHATTACHARYA et al.

PHYS. REV. D 114, 073008 (2026)

[1] R. Berthiaume, B. Bhattacharya, R. Boumris, A. Jean, S.
Kumbhakar, and D. London, Phys. Rev. Lett. 133, 211802
(2024).

[2] B. Bhattacharya, M. Bouchard, L. Hudy, A. Jean, D. London,
and C. MacKenzie, Phys. Rev. D 112, 056014 (2025).

[3] D. Choudhury, S. Kumbhakar, A. Kundu, and S. Nandi,
Phys. Rev. D 114, 015019 (2026).

[4] J. Chai, S. Cheng, F.-Q. Hu, Y. Li, J.-Y. Shen, and D.-C.
Yan, arXiv:2607.22093.

[5]1 S. Banerjee et al. (Heavy Flavor Averaging Group
(HFLAV)), Phys. Rev. D 113, 012008 (2026), with online
updates at https://hflav.web.cern.ch/.

[6] M. Alguerd, A. Crivellin, S. Descotes-Genon, J. Matias, and
M. Novoa-Brunet, J. High Energy Phys. 04 (2021) 066.

[7] A. Biswas, N. Gubernari, J. Matias, and G. Tetlalmatzi-
Xolocotzi, J. High Energy Phys. 09 (2025) 188.

[8] R. Aleksan and L. Oliver, arXiv:2312.07198.

[9] M. Beneke, J. Rohrer, and D. Yang, Nucl. Phys. B774, 64
(2007).

[10] A.S. Dighe, I. Dunietz, H. J. Lipkin, and J. L. Rosner, Phys.
Lett. B 369, 144 (1996).

[11] R. Fleischer and I. Dunietz, Phys. Rev. D 55, 259 (1997).

[12] A.S. Dighe, I. Dunietz, and R. Fleischer, Eur. Phys. J. C 6,
647 (1999).

[13] C.-W. Chiang and L. Wolfenstein, Phys. Rev. D 61, 074031
(2000).

[14] B. Bhattacharya, A. Datta, M. Duraisamy, and D. London,
Phys. Rev. D 88, 016007 (2013).

[15] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 136,
021803 (2026).

[16] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.
12 (2019) 155.

[17] A.Dattaand D. London, Int. J. Mod. Phys. A 19, 2505 (2004).

[18] R. Aaij ef al. (LHCb Collaboration), J. High Energy Phys.
05 (2019) 026.

[19] G. Buchalla, A.J. Buras, and M. E. Lautenbacher, Rev.
Mod. Phys. 68, 1125 (1996).

[20] L.-L. Chau and H.-Y. Cheng, Phys. Rev. Lett. 56, 1655
(1986).

[21] M. Gronau, O. F. Hernandez, D. London, and J. L. Rosner,
Phys. Rev. D 50, 4529 (1994).

[22] M. Gronau, O. F. Hernandez, D. London, and J. L. Rosner,
Phys. Rev. D 52, 6374 (1995).

[23] M. Gronau, D. Pirjol, and T.-M. Yan, Phys. Rev. D 60,
034021 (1999); 69, 119901(E) (2004).

[24] A.J. Buras and R. Fleischer, Phys. Lett. B 341, 379
(1995).

[25] M. Beneke, G. Buchalla, M. Neubert, and C. T. Sachrajda,
Nucl. Phys. B606, 245 (2001).

[26] G. Bell, Nucl. Phys. B795, 1 (2008).

[27] G. Bell, Nucl. Phys. B822, 172 (2009).

[28] M. Beneke, T. Huber, and X.-Q. Li, Nucl. Phys. B832, 109
(2010).

[29] G. Bell, M. Beneke, T. Huber, and X.-Q. Li, Phys. Lett. B
750, 348 (2015).

[30] A.J. Buras, R. Fleischer, S. Recksiegel, and F. Schwab, Eur.
Phys. J. C 32, 45 (2003).

[31] A.J. Buras, R. Fleischer, S. Recksiegel, and F. Schwab,
Phys. Rev. Lett. 92, 101804 (2004).

[32] A.J. Buras, R. Fleischer, S. Recksiegel, and F. Schwab,
Nucl. Phys. B697, 133 (2004).

[33] B. Bhattacharya, M. Bouchard, A. Jean, D. London, and I.
Ray, J. High Energy Phys. 05 (2026) 195.

[34] M. Gronau, Phys. Lett. B 627, 82 (2005).

[35] I. Adachi et al. (Belle-II Collaboration), Phys. Rev. D 109,
012001 (2024).

[36] F. Takahashi et al. (Particle Data Group), Int. J. Mod. Phys.
A 41, 2630011 (2026).

[37] F. James and M. Roos, Comput. Phys. Commun. 10, 343
(1975).

[38] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 78,
051103 (2008).

[39] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 78,
071104 (2008).

[40] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 113,
092002 (2026).

[41] P. del Amo Sanchez et al. (BABAR Collaboration), Phys.
Rev. D 83, 051101 (2011).

[42] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.
101, 201801 (2008).

[43] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 79,
052005 (2009).

[44] J.P. Lees et al. (BABAR Collaboration), Phys. Rev. D 89,
051101 (2014).

[45] Y. Guan et al. (Belle Collaboration), Phys. Rev. Lett. 133,
081801 (2024).

[46] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.
05 (2014) 069.

[47] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 131,
171802 (2023).

073008-20


https://doi.org/10.1103/PhysRevLett.133.211802
https://doi.org/10.1103/PhysRevLett.133.211802
https://doi.org/10.1103/5jp1-7cfw
https://doi.org/10.1103/vxht-dclj
https://arXiv.org/abs/2607.22093
https://doi.org/10.1103/x87q-tld5
https://hflav.web.cern.ch/
https://hflav.web.cern.ch/
https://hflav.web.cern.ch/
https://hflav.web.cern.ch/
https://doi.org/10.1007/JHEP04(2021)066
https://doi.org/10.1007/JHEP09(2025)188
https://arXiv.org/abs/2312.07198
https://doi.org/10.1016/j.nuclphysb.2007.03.020
https://doi.org/10.1016/j.nuclphysb.2007.03.020
https://doi.org/10.1016/0370-2693(95)01523-X
https://doi.org/10.1016/0370-2693(95)01523-X
https://doi.org/10.1103/PhysRevD.55.259
https://doi.org/10.1007/s100529800954
https://doi.org/10.1007/s100529800954
https://doi.org/10.1103/PhysRevD.61.074031
https://doi.org/10.1103/PhysRevD.61.074031
https://doi.org/10.1103/PhysRevD.88.016007
https://doi.org/10.1103/9zhl-kkwg
https://doi.org/10.1103/9zhl-kkwg
https://doi.org/10.1007/JHEP12(2019)155
https://doi.org/10.1007/JHEP12(2019)155
https://doi.org/10.1142/S0217751X04018300
https://doi.org/10.1007/JHEP05(2019)026
https://doi.org/10.1007/JHEP05(2019)026
https://doi.org/10.1103/RevModPhys.68.1125
https://doi.org/10.1103/RevModPhys.68.1125
https://doi.org/10.1103/PhysRevLett.56.1655
https://doi.org/10.1103/PhysRevLett.56.1655
https://doi.org/10.1103/PhysRevD.50.4529
https://doi.org/10.1103/PhysRevD.52.6374
https://doi.org/10.1103/PhysRevD.60.034021
https://doi.org/10.1103/PhysRevD.60.034021
https://doi.org/10.1103/PhysRevD.69.119901
https://doi.org/10.1016/0370-2693(95)80018-S
https://doi.org/10.1016/0370-2693(95)80018-S
https://doi.org/10.1016/S0550-3213(01)00251-6
https://doi.org/10.1016/j.nuclphysb.2007.09.006
https://doi.org/10.1016/j.nuclphysb.2009.07.012
https://doi.org/10.1016/j.nuclphysb.2010.02.002
https://doi.org/10.1016/j.nuclphysb.2010.02.002
https://doi.org/10.1016/j.physletb.2015.09.037
https://doi.org/10.1016/j.physletb.2015.09.037
https://doi.org/10.1140/epjc/s2003-01379-9
https://doi.org/10.1140/epjc/s2003-01379-9
https://doi.org/10.1103/PhysRevLett.92.101804
https://doi.org/10.1016/j.nuclphysb.2004.07.009
https://doi.org/10.1007/JHEP05(2026)195
https://doi.org/10.1016/j.physletb.2005.09.014
https://doi.org/10.1103/PhysRevD.109.012001
https://doi.org/10.1103/PhysRevD.109.012001
https://doi.org/10.1142/S0217751X26300115
https://doi.org/10.1142/S0217751X26300115
https://doi.org/10.1016/0010-4655(75)90039-9
https://doi.org/10.1016/0010-4655(75)90039-9
https://doi.org/10.1103/PhysRevD.78.051103
https://doi.org/10.1103/PhysRevD.78.051103
https://doi.org/10.1103/PhysRevD.78.071104
https://doi.org/10.1103/PhysRevD.78.071104
https://doi.org/10.1103/cd57-xr8f
https://doi.org/10.1103/cd57-xr8f
https://doi.org/10.1103/PhysRevD.83.051101
https://doi.org/10.1103/PhysRevD.83.051101
https://doi.org/10.1103/PhysRevLett.101.201801
https://doi.org/10.1103/PhysRevLett.101.201801
https://doi.org/10.1103/PhysRevD.79.052005
https://doi.org/10.1103/PhysRevD.79.052005
https://doi.org/10.1103/PhysRevD.89.051101
https://doi.org/10.1103/PhysRevD.89.051101
https://doi.org/10.1103/PhysRevLett.133.081801
https://doi.org/10.1103/PhysRevLett.133.081801
https://doi.org/10.1007/JHEP05(2014)069
https://doi.org/10.1007/JHEP05(2014)069
https://doi.org/10.1103/PhysRevLett.131.171802
https://doi.org/10.1103/PhysRevLett.131.171802

	Anomalies in hadronic B&rarr;VV decays
	I. INTRODUCTION
	II. B&rarr;VV DECAYS: FORMALISM
	A. Transversity amplitudes
	B. Differential decay rate
	C. Observables

	III. B&rarr;VV DECAYS: AMPLITUDE DECOMPOSITION
	A. B&rarr;&rho;K*
	B. B&rarr;VV
	1. RMEs
	2. Diagrams


	IV. FIT RESULTS
	A. B&rarr;&rho;K* decays, isospin
	B. B&rarr;VV decays, V&isinv;{&rho;,K*}, SU(3)F
	C. B&rarr;VV decays, V&isinv;{&rho;,K*,ϕ,&omega;}, SU(3)F

	V. SUMMARY
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: B&rarr;VV AMPLITUDES-DECOMPOSITION IN TERMS OF RMES
	APPENDIX B: B&rarr;VV AMPLITUDES-DECOMPOSITION IN TERMS OF DIAGRAMS
	APPENDIX C: MEASURED B&rarr;VV OBSERVABLES
	APPENDIX D: FIT RESULTS
	APPENDIX E: SIGNIFICANT CONTRIBUTIONS TO THE &chi;2
	APPENDIX F: RELATIONS BETWEEN OBSERVABLES
	References


