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We present a study of the branching fraction of the decay B0 → ρ0ρ0 and the fraction of longitudinally
polarized ρ0 mesons in this decay. The results are obtained from the final data sample containing 772 × 106

BB̄ pairs collected at the ϒð4SÞ resonance with the Belle detector at the KEKB asymmetric-energy eþe−

collider. We find 166� 59 B0 → ρ0ρ0 events (including systematic uncertainties), corresponding to a
branching fraction of BðB0 → ρ0ρ0Þ ¼ ð1.02� 0.30ðstatÞ � 0.15ðsystÞÞ × 10−6 with a significance
of 3.4 standard deviations and a longitudinal polarization fraction fL ¼ 0.21þ0.18

−0.22 ðstatÞ � 0.15ðsystÞ.
We use the longitudinal polarization fraction to determine the Cabibbo-Kobayashi-Maskawa matrix
angle ϕ2 ¼ ð84.9� 13.5Þ° through an isospin analysis in the B → ρρ system. We furthermore find
125� 41 B0 → f0ρ0 events, corresponding to BðB0 → f0ρ0Þ × Bðf0 → πþπ−Þ ¼ ð0.78� 0.22ðstatÞ�
0.11ðsystÞÞ × 10−6, with a significance of 3.1 standard deviations. We find no other significant contribution
with the same final state, and set upper limits at 90% confidence level on the (product) branching fractions,
BðB0 → πþπ−πþπ−Þ < 11.2 × 10−6, BðB0→ρ0πþπ−Þ<12.0×10−6, BðB0→f0πþπ−Þ×Bðf0→πþπ−Þ<
3.0×10−6 and BðB0 → f0f0Þ × Bðf0 → πþπ−Þ2 < 0.2 × 10−6.

DOI: 10.1103/PhysRevD.89.072008 PACS numbers: 11.30.Er, 12.15.Hh, 13.25.Hw

I. INTRODUCTION

CP violation in the standard model (SM) is due to an
irreducible complex phase in the Cabibbo-Kobayashi-
Maskawa (CKM) quark-mixing matrix [1,2]. Mixing-induced

CP violation in the B sector has been clearly observed by the
Belle [3,4] and BABAR [5,6] Collaborations in the b → cc̄s

induced decayB0 → J=ψK0
S, whilemany othermodes provide

additional information on CP violating parameters [7,8].
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Decays that proceed predominantly through the b → uūd
transition are sensitive to one of the angles of the unitarity
triangle, ϕ2ðor αÞ≡ arg½ð−VtdV�

tbÞ=ðVudV�
ubÞ�; its current

world average is ϕ2 ¼ ð88:5þ4.7
−4.4Þ° [9]. The Belle, BABAR

and LHCb Collaborations have reported time-dependent
CP asymmetries in these modes that include decays such as
B0 → πþπ− [10–12], ρ�π∓ [13,14], ρþρ− [15,16], ρ0ρ0

[17,18] and a�1 π
∓ [19–21]. A feature common to these

measurements is that possible loop contributions, in addi-
tion to the leading-order tree amplitude, can shift the
measured angle to ϕeff

2 ≡ ϕ2 þ Δϕ2. This inconvenience
can be overcome with bounds on Δϕ2 determined using
either an isospin analysis [22] or SUð3Þ flavor sym-
metry [23].
This analysis is concerned with the branching fraction of

B0ðB̄0Þ → ρ0ρ0 decays, the fraction of longitudinal polari-
zation in these decays and further decays of the B meson
into four-charged-pion final states as the ρ0 decays into two
charged pions. The leading-order tree and penguin dia-
grams of B0 → ρ0ρ0 decays are shown in Fig. 1. Since the
dominant tree process is color suppressed, B0 → ρ0ρ0 is
expected to be less probable than its isospin partners.
The SM, using perturbative QCD or QCD factorization in
the heavy quark limit [24–30], predicts the B0 → ρ0ρ0

branching fraction to be ∼1 × 10−6.
The ρ0ρ0 vector-vector state is not a pure CP eigenstate,

but rather a superposition of CP-even and -odd states, or
three helicity amplitudes, which can be separated through
an angular analysis. We use the helicity basis where the
angles θHkjk¼1;2, each defined as the angle between the πþ

and the B flight directions in the rest frame of the kth ρ0

(Fig. 2), can be used to separate longitudinally (CP-even)
from transversely (CP-even and -odd) polarized ρ0 mesons.

Analogous to the decay of a B0 meson into two charged ρ
mesons [15,16], B0 → ρ0ρ0 is expected to decay predomi-
nantly into longitudinally polarized ρ0s. However, color-
suppressed B meson decays into two vector particles are
especially difficult to predict; one important difficulty, for
example, is the nonfactorization of the spectator-scattering
for the transverse amplitude even at leading order [29,30].
Hence, this analysis provides an excellent test of the
assumptions used in these frameworks and improves our
understanding of the strong interaction.
In Sec. II, we briefly describe the data set and the Belle

detector. The event selection and the model used for the
branching fraction measurement are described in Secs. III
and IV, respectively, where in the latter section we also
comment on differences with the previous Belle analysis.
The fit result is presented in Sec. V, followed by validity
checks in Sec. VI. The systematic uncertainties are dis-
cussed in Sec. VII and a constraint of the CKM phase ϕ2 is
presented in Sec. VIII, followed by a discussion of the
result and our conclusion.

II. DATA SET AND BELLE DETECTOR

This measurement is based on the final data sample
containing 772 × 106 BB̄ pairs collected with the Belle
detector at the KEKB asymmetric-energy eþe− (3.5 on
8 GeV) collider [31]. At the Υð4SÞ resonance
(

ffiffiffi
s

p ¼ 10.58 GeV), the Lorentz boost of the produced
BB̄ pairs is βγ ¼ 0.425 along the z direction, which is
opposite the positron beam direction.
The Belle detector is a large-solid-angle magnetic

spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber (CDC), an array
of aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter comprising of
CsI(Tl) crystals located inside a superconducting solenoid
coil that provides a 1.5 T magnetic field. An iron flux return
located outside of the coil is instrumented to detect K0

L
mesons and to identify muons. The detector is described in
detail elsewhere [32]. Two inner detector configurations
were used. A 2.0 cm radius beampipe and a three-layer
silicon vertex detector (SVD1) were used for the first
sample of 152 × 106 BB̄ pairs, while a 1.5 cm radius
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FIG. 1. Leading-order tree (left) and penguin (right) diagrams for the decay B0 → ρ0ρ0.

FIG. 2 (color online). Definition of the helicity angles θHk for
each ρ, identified by index k ¼ 1; 2.
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beampipe, a four-layer silicon detector (SVD2) and a
small-cell inner drift chamber were used to record the
remaining 620 × 106 BB̄ pairs [33]. We use a GEANT-based
Monte Carlo (MC) simulation to model the response of the
detector and determine its acceptance [34].

III. EVENT SELECTION

We reconstruct B0 → ρ0ρ0, where ρ0 → πþπ−. Charged
tracks have to fulfill requirements on the distance of closest
approach to the interaction point: jdzj < 5.0 cm and
dr < 0.5 cm along and perpendicular to the z axis, respec-
tively. With information obtained from the CDC, ACC and
TOF, particle identification is determined with the like-
lihood ratio Li=j ≡ Li=ðLi þ LjÞ, where Li (Lj) is the
likelihood that the particle is of type i (j). We require
LK=π < 0.4, which retains 90% of all pions but only 10%
of all kaons. In addition, we place vetoes on particles
consistent with the electron or proton hypotheses.
Requirements of at least two hits in the z and one hit in
the azimuthal strips of the SVD [35] are imposed on the
charged tracks, to permit a subsequent measurement of the
CP asymmetries.
Intermediate dipion states are reconstructed above theK0

S
region with an invariant mass 0.52 GeV=c2 < mðπþπ−Þ <
1.15 GeV=c2 straddling the broad ρ0ð770Þ resonance [36].
This range retains 93% of the phase space available for a ρ0

coming from B0 → ρ0ρ0 decays. Upon combination of
two dipion states, a B candidate is formed. All remaining
particles are associated with the accompanying B meson in
the event, referred to as B0

Tag.
Reconstructed B candidates are described with two

kinematic variables: the beam energy–constrained mass

Mbc ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðECMS

beam=c
2Þ2 − ðpCMS

B =cÞ2
q

, and the energy differ-

ence ΔE≡ ECMS
B − ECMS

beam, where E
CMS
beam is the beam energy

and ECMS
B (pCMS

B ) is the energy (momentum) of the B
meson, evaluated in the center-of-mass system (CMS).
The B candidates that satisfy Mbc > 5.27 GeV=c2 and
jΔEj < 0.1 GeV are selected for further analysis.

To reduce peaking background coming from charm
(b → c) decays of the B meson with a similar final-state
topology such as B0 → D−½π−πþπ−�πþ or backgrounds
due to particle misidentification, we place vetoes on various
combinations of the four charged tracks forming our B0

candidate, as summarized in Table I. The total efficiency
loss due to these vetoes is 4.4% while the charm B decays
contributions are decreased by 20%, reducing their peaking
contribution to a negligible level.
The dominant background contribution comes from

continuum (eþe− → qq̄, where q ¼ u; d; s; c) events. We
use their jetlike topology to separate them from the more
spherical BB̄ decays using a Fisher discriminant [37] F S=B
constructed from the following seven variables:

(i) Lc;n
2 ≡P

c;np
CMS
c;n cos2θpCMS

c;n ;TB, where the sum of the
CMS momenta runs over the charged tracks (c) and
neutral clusters (n) on the tag side; the angle is
between the particle direction and B thrust direction
which points into the reconstructed B meson’s flight
direction.

(ii) cos θTB;TO, where the angle is between the B thrust
direction and the thrust of the tag side.

(iii) cos θB;z, where the angle is between the B flight
direction and the z direction.

(iv) hsok ≡P
i;jk j ~pijj ~pjk jP2ðcosðθijkÞÞj, closely related to

the Fox-Wolfram moments [38,39], where ~pi is the
CMSmomentum of the ith track from the signal side
(s), ~pjk is the CMS momentum of the jkth particle
from the other side (o), θijk is the angle between
particle i and jk and P2 is the second-order Legendre
polynomial. For the other side, we distinguish three
cases using index k ¼ 0, 1 and 2, for charged tracks,
neutral particles and missing energy (treated as a
particle), respectively.

The respective distributions and F S=B are shown in Fig. 3.
We require j cos θTB;TOj < 0.9 in order to reject 50% of
the continuum background while retaining 90% of signal.
The BB̄ and qq̄ training samples are taken from signal
MC events and from (off-resonance) data taken below
the Υð4SÞ resonance, respectively, and also fulfill

TABLE I. Summary of criteria to remove peaking background modes. A muon mass hypothesis has been applied
to specific tracks for the J=ψ channel. Here, πþ1 π

−
2 forms the first and πþ3 π

−
4 the second ρ0 candidate of a

reconstructed event. X represents any intermediate state or track combination that leads to a four-body final state.
Only peaking combinations are vetoed.

Regions vetoed Modes vetoed

1.85 GeV=c2 < mðπþπ−Þ < 1.89 GeV=c2 B → D0½πþπ−�X
1.85 GeV=c2 < mðπþ1 π−2 πþ3 Þ < 1.89 GeV=c2 B → Dþ½πþπ−πþ�X
1.85 GeV=c2 < mðπ−2 πþ3 π−4 Þ < 1.89 GeV=c2 B → D−½π−πþπ−�X
1.95 GeV=c2 < mðπþ1 π−2 πþ3 Þ < 1.99 GeV=c2 B → Dþ

s ½πþπ−πþ�X
1.95 GeV=c2 < mðπ−2 πþ3 π−4 Þ < 1.99 GeV=c2 B → D−

s ½π−πþπ−�X
3.06 GeV=c2 < mðμþμ−Þ < 3.14 GeV=c2 B → J=ψ ½μþμ−�X
0.478 GeV=c2 < mðπ−2 πþ3 Þ < 0.512 GeV=c2 B → K0

S½πþπ−�X
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j cos θTB;TOj < 0.9. The Fisher discriminant is also required
to satisfy −3 < F S=B < 2. This, together with the previ-
ously mentioned requirements of jΔEj < 0.1 GeV, Mbc >
5.27 GeV=c2 and 0.52GeV=c2<mðπþπ−Þ<1.15GeV=c2,
defines the fit region.
According to MC simulation, 1.06 B candidates are

reconstructed on average per signal event. Selecting the
best B candidate having Mbc nearest the nominal B meson
mass [36], the correct B is chosen in 75% of all events with
multiple candidates. If both possible dipion combinations
of the four pions fall within the fit region, the combination
with the largest momentum difference between its pions is
chosen. Since our selection criteria biases the Mbc distri-
butions, we do not use this variable in the fit to data. The
fraction of misreconstructed signal events, where at least
one pion is taken from the other B meson, is found to
be 9%.
We also perform a vertex fit [35] and employ the flavor

tagging routine described in Ref. [40]. The tagging infor-
mation is represented by two parameters, the B0

Tag flavor
q ¼ �1 for B0

Tag ¼ B; B̄, and the tagging quality r.
The parameter r is an event-by-event, MC determined

flavor-tagging dilution factor that ranges from r ¼ 0 for
no flavor discrimination to r ¼ 1 for unambiguous flavor
assignment. We find F S=B to be correlated with r and
therefore divide the data into 7 r bins, labeled with the
index l.
We complete the reconstruction with a randomization

of the ordering of the two ρ0s by interchanging the
two ρ0 candidates for every other event to avoid an
artificial asymmetry in the distribution of the helicity
angles arising mainly from momentum ordering in the
reconstruction.
We study backgrounds coming from b → uūd channels

with the same final state as signal, namely B0 → a�1 π
∓,

a�2 π
∓, b�1 π

∓, f0ð980Þρ0, f0ð980Þf0ð980Þ, ρ0πþπ−,
f0ð980Þπþπ− and πþπ−πþπ−. The detection efficiencies
ϵ of the considered four-charged-pion final states
after applying all mentioned selection criteria are listed
in Table II. Using an independent control sample,
we determine a correction factor to the efficiency that
account for the differences in particle identification
between data and MC, η ¼ 0.85� 0.03 for all four-
pion modes.
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FIG. 3 (color online). Simulated MC and off-resonance distributions for the quantities used to construct the Fisher discriminant F S=B,
which is shown in the lower right plot. The solid (blue) histograms show the distribution for BB̄ MC events, while the dashed (red)
histograms show the distributions for events from off-resonance data, both normalized to the same area. The vertical line indicates the
requirement of j cos θTB;TOj < 0.9 being applied before the training of the Fisher.
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IV. EVENT MODEL

The branching fraction is extracted from an extended
six-dimensional unbinned maximum likelihood fit to ΔE,
F S=B, M1, M2, H1 and H2 in the lth r bin and SVD
configuration s, where Mk and Hk represent the invariant
dipion mass mπþπ− and helicity parameter cos θH of
the kth ρ0 candidate. If linear correlations between fit
variables do not cause a noteworthy bias, the probability
density function (PDF) for each event i is taken as
the product of individual PDFs for each variable
PðΔEi; F i

S=B; M
i
1; M

i
2; H

i
1; H

i
2Þ ¼ PðΔEiÞ × PðF i

S=BÞ
×PðMi

1Þ × PðMi
2Þ × PðHi

1Þ × PðHi
2Þ; otherwise, cor-

relations between the fit variables are taken into account.
We consider 17 components in the event model,
where most resonances are described by a relativistic
Breit-Wigner

BWðmπþπ−Þ≡ m0Γðmπþπ−Þ
ðm2

πþπ− −m2
0Þ2 þm2

0Γ2ðmπþπ−Þ
; (1)

with a mass-dependent width

Γðmπþπ−Þ ¼ Γ0

�
pπ

p0

�
3
�

m0

mπþπ−

�
B1ðpπÞ; (2)

where pπ is the momentum of a resonance daughter in the
resonance frame and mπþπ− is the invariant mass of a pion
pair. Γ0 and m0 are the width and invariant mass of the
nominal resonance, such as ρ0 emerging from B decays and
p0 is the nominal momentum of a pion daughter from a

nominal ρ0. B1ðpπÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þð3p0Þ2
1þð3pπÞ2

q
is a Blatt-Weisskopf form

factor, as described in Ref. [36]. The PDF for F S=B for all
components j are sums of two asymmetric-width (bifur-
cated) Gaussians in each r bin. The PDF for H1 and H2 for
all backgrounds are two-dimensional (2D) histograms,
further symmetrized by reflecting the entries along the
diagonal, H1 ↔ H2. We use sets of several histograms in
bins of other fit variables if a treatment of the corresponding

correlation is required. If smoothing is applicable, e.g.
preserves peaks, we use the algorithm 353QH [41] for one-
dimensional histograms or kernel algorithms otherwise.
Chebyshev polynomials are multiplied by a constant factor
ccomponent
order where the subscript labels the order of the
corresponding polynomial and the superscript labels the
corresponding component, e.g. nc (cc) for b → c transi-
tions in neutral (charged) B decays. The different compo-
nents of the PDF are described below and summarized in
Table III:

(i) The signal model shape is determined from correctly
reconstructed signal MC events for each polariza-
tion. The PDF for ΔE is taken to be a sum of two
bifurcated Gaussians. The distribution in theM1-M2

plane is modeled with a product of two relativistic
Breit-Wigner functions and the distribution in the
H1-H2 plane is described by

1

Γ
d2Γ

d cos θH1d cos θH2

¼ 9

4

�
1

4
ð1 − fLÞsin2θH1sin2θH2

þ fLcos2θH1cos2θH2

�
; (3)

where fL ¼ jA0j2=
P jAij2 is the fraction of longi-

tudinal polarization; A0, Aþ1 and A−1 are the helicity
amplitudes. We correct the mass and helicity PDFs
for the reconstruction efficiency; both the mass- and
the helicity angle–dependent efficiencies are obtained
from fully simulated signal MC events.
The misreconstructed model shape is determined from
incorrectly reconstructed signal MC events for each
polarization and is described by histograms for all fit
variables.

(ii) The continuum model shape is studied with off-
resonance data. Since the off-resonance data con-
tains only a fraction of the number of continuum
events expected in this measurement, we keep the
entire shape free in the fit to extract the branching
fraction. The PDF for ΔE is taken to be a first-order
Chebyshev polynomial. The mπþπ− shape is the sum
of a second-order polynomial, a Breit-Wigner for ρ0

and a Breit-Wigner for f0ð980Þ. The helicity angle
distribution is described by a histogram and F S=B is
modeled as described before; in addition, we ac-
count for a correlation with mπþπ− by multiplying its
mean with the factor al ¼ pl

0ðM1 þM2Þ þ 1, where
pl
0 is a constant in each r bin.

(iii) The PDF for the background due to B decays from
b → c transitions (charm B decays) is determined
from a large sample of MC events containing ten
times the number of expected events and is further
divided into a neutral and a charged B sample. For
both samples, ΔE is correlated with the helicity
angles and therefore its PDF in each sample is

TABLE II. The reconstruction efficiencies (ϵ) of the signal for
the four-pion final states calculated from Monte Carlo. Here, the
correction for the differences in particle identification between
data and MC has not been applied. The errors are statistical. For
B0 → ρ0ρ0, we use the fL value obtained from the fit to data.

Mode ϵSVD1 (%) ϵSVD2 (%)

B0 → ρ0ρ0 22.38� 0.05 25.38� 0.06
B0 → f0f0 24.73� 0.06 28.11� 0.07
B0 → f0ρ0 23.42� 0.05 26.96� 0.07
B0 → f0πþπ− 2.82� 0.02 3.16� 0.02
B0 → ρ0πþπ− 2.64� 0.02 3.02� 0.02
B0 → πþπ−πþπ− 0.98� 0.01 1.09� 0.01
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formed in different bins. We model the neutral
component in four regions of the H1 versus H2

distribution by first-order Chebyshev polynomials
where we also add a Gaussian if either
(a) jHkj > 0.65 or (b) jHjj > 0.65 and−0.5 < Hk <
0.65 with j ≠ k,

Pcharm
B0B̄0 ðΔEÞH1;H2

≡ ðfGðΔE; μ; σÞ þ ð1 − fÞðcnc1 C1ðΔEÞÞÞH1;H2
:

(4)

The charged component’s ΔE distribution is described
by the sum of Chebyshev polynomials up to third
order,

Pcharm
BþB−ðΔEÞH1;H2

≡ X
i¼1;2

ccci CiðΔEÞ

þ aðH1; H2Þccc3 C3ðΔEÞ; (5)

where the cubic term is multiplied with a factor a,
obtained from MC events, that accounts for the
correlation with the helicity angles: aðH1; H2Þ ¼
bcharmBþB−ðjH1j þ jH2jÞ if jHkj > 0.5 with bcharmBþB− ¼
0.68� 0.01, otherwise aðH1; H2Þ ¼ 1.

The mπþπ− shape of the charm B decays is described
by a first-order Chebyshev polynomial where a
Gaussian is added to the neutral B decays if
jHkj > 0.65,

Pcharm
B0B̄0 ðmπþπ−ÞH1;H2

≡ fH1;H2
c1C1ðmπþπ−Þð1 − fH1;H2

ÞGðmπþπ− ; μ; σÞ:
(6)

The widths of the Gaussians of both F S=B shapes are
multiplied with a constant dl in the four corners of
the H1, H2 plane, (a) jHkj > 0.7 or (b) Hj > 0.5 and
Hk < −0.5, j ≠ k.

(iv) The PDF for the background due to B decays from
b → u; d; s transitions (charmless B decays) is
determined from a large sample of corresponding
MC events containing 50 times the number of
expected events and also divided into a neutral
and a charged category. The ΔE distribution of
neutral charmless B decays is described by a
Gaussian plus a third-order Chebyshev polynomial,
and that of charged charmless B decays by a
first-order Chebyshev polynomial Pcharmless

BþB− ¼
ccrC1ðΔEÞ, where ccr ≡ acharmless

BþB− ðM1 þM2Þ þ
bcharmless
BþB− ðM1 ×M2Þ with acharmless

BþB− ¼ −2.44� 0.47

TABLE III. Summary of the event model. The signal PDF for longitudinally (transversely) polarized ρ0s is denoted by the superscript
LP (TP) and the subscript true (mr) implies PDFs for correctly (mis-) reconstructed signal events. G denotes a Gaussian and dBG
denotes the sum of two bifurcated Gaussian, where the superscript sig indicates that the core Gaussian is inherited from the signal PDF
and the subscript r indicates a separate description in each r bin. Ci are sums of Chebyshev polynomial of different order, where the
subscript labels the number of used orders; e.g. C1−3 ¼ C1 þ C2 þ C3 and C2;4 ¼ C2 þ C4. A relativistic Breit-Wigner is denoted by
BW, the subscript labels the resonance. Histograms are denoted by H, where the subscript sm indicates smoothing and the superscript the
dimension. Correlations with other variables, if taken into account, are denoted with PDFjvariableðsÞ. Since the two dipion masses and
helicity angle PDFs are symmetric under ρ01 ↔ ρ02 only the PDF for one ρ0 is given; the actual PDF is then the product of two PDFs,
one for each mπþπ−ðcos θHÞ. An asymmetry within the two-dimensional mπþπ− PDF is denoted as PDFjM .
Component ΔE mπþπ− cos θH F S=B

B → ρ0ρ0jLPtrue dBG BWρ0 Eq. (3) dBGr

B → ρ0ρ0jTPtrue dBG BWρ0 Eq. (3) dBGr

B → ρ0ρ0jLPmr H1D
sm H2

sm H2D dBGsig
r

B → ρ0ρ0jTPmr H1D
sm H2

sm H2D dBGsig
r

continuum C1 BWρ0 þ BWf0 þ C2;4 H2D dBGrjM1;M2

BðB̄Þ → charm C1 þ GjH1;H2 C1 þGjH1;H2 H2DjΔE dBGsig
r jH1;H2

B� → charm C1−3jH1;H2 C1−3 H2DjF S=B dBGsig
r jH1;H2

BðB̄Þ → charmless C3 þ G ðCi þ GÞjMH1;H2; H2DjΔE dBGsig
r

B� → charmless C1jM1;M2 Hsm H2D dBGsig
r

B → πþπ−πþπ− dBGsigjH1;H2 H2D
sm H2D dBGsig

r

B → ρ0πþπ− dBGsig H2D H2D dBGsig
r

B → f0πþπ− dBGsig H2D H2D dBGsig
r

B → f0f0 dBGsig BWf0 H2D dBGsig
r

B → f0ρ0 dBGsig BWρ0 · BWf0 jM H2D dBGsig
r

B → a�1 π
∓ dBGsig H2D

sm H2D dBGsig
r jM1;M2

B → a�2 π
∓ dBGsig H2D

sm H2D dBGsig
r

B → b�1 π
∓ dBGsig H2D

sm H2D dBGsig
r
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and bcharmless
BþB− ¼ 5.46� 1.08 accounts for the corre-

lation with the dipion masses. Since the neutral
charmlessM1,M2 distribution is correlated withH1,
H2, we describe its shape by the sums of Gaussians
and Chebyshev polynomials in five bins of H1, H2;
in addition, in most bins, a correlation between
the two πþπ− masses had to be taken into account.
The charged mπþπ− distribution is modeled by a
smoothed 2D histogram.

(v) The PDF shapes for the remaining four-pion states
(B0 → πþπ−πþπ−; ρ0πþπ−; f0ρ0, f0f0; f0πþπ−;
a�1 π

∓; a�2 π∓ and b�1 π
∓) are determined from indi-

vidually generated MC samples. For the decay
B0 → ρ0πþπ−, we assume a phase space distribution
and account for this assumption in the systematic
uncertainty. ΔE is described in a similar manner to
the signal component. Since we include misrecon-
structed events in the model, a polynomial is added
to their ΔE PDFs. For the nonresonant decay, the
correlation of ΔE with the helicity angles is in-
corporated by taking a different width of the ΔE’s
core Gaussian for the center of the H1-H2 plane.
The M1, M2 shapes are modeled by 2D histograms,
except for B0 → f0f0 and B0 → f0ρ0, where prod-
ucts of two Breit-Wigners are used. For B0 → f0ρ0,
the correlation between M1 and M2 is taken into
account. The mean of the Gaussian of the
B → a�1 π

∓ F S=B shape is multiplied with a ¼
1þ ba1πðM1 þM2Þ, to account for the correlation
with the masses.

For ΔE and F S=B, we incorporate calibration factors that
correct for the difference between data and MC by
calibrating the mean and width of the core bifurcated
Gaussians. They are determined from a large-statistics
control sample B0 → D−½Kþπ−π−�πþ and are used for
the ΔE PDFs of all four-pion final states and for the F S=B

PDFs of all BB̄ modes, whose shapes are all determined
fromMC events. Furthermore, the signal’s core Gaussian is
made common among all four-charged-pion final states for
ΔE and among all BB̄ modes for F S=B.
Besides the dominant four-pion contribution

B0 → a�1 π
∓, we also fix the other quasi-two-body B0 →

X�π∓ decay modes as listed in Table IV, where we assume
the unknown branching fraction of B0 → a�2 π

∓ to be 10%

of B0 → a�1 π
∓ ’s. A recent measurement by Belle supports

this assumption [19]. The other two branching fractions are
assumed to take their current world average values, given in
Ref. [36]. Throughout this paper, for the modes including a
f0, the exclusive branching fraction for f0 → πþπ− is
incorporated; e.g., BðB0→f0f0Þ stands for BðB0→f0f0Þ×
Bðf0→πþπ−Þ2.
The total likelihood for 116081 signal candidate events

in the fit region is

L≡Y
l;s

e−
P

j
Ns

j

P
l;s
fl;sj

Nl;s!

YNl;s

i¼1

X
j

Ns
jf

l;s
j Pl;s

j

× ðΔEi;F S=B
i;M1;M2; H1; H2Þ; (7)

which runs over event i, component j, r bin l and SVD
configuration s. Instead of two free signal yields Ns

Sig for
each detector configuration, branching fractions for the
four-pion final states (j) are chosen as single free param-
eters BðB → XÞ and incorporated into the fit with

Ns
j ¼ BðB0 → fÞNs

BB̄ϵ
s
jη

s
j; (8)

where ϵsj and η are the efficiencies and correction factors
described in Sec. III. Because of the two possible polar-
izations in B0 → ρ0ρ0 decays, Eq. (8) takes the distinct
forms; for example, for longitudinally polarized ρ0s (LP),

Ns
LP ¼ BðB0 → ρ0ρ0ÞfLNs

BB̄ϵ
s
LPη

s
LP; (9)

and similarly with ð1 − fLÞ replacing fL for transverse
polarization. The fraction of events in each r bin l, for
component j, is denoted by fl;sj . The fractions of all BB̄

components, fl;sBB̄, have been calibrated with the B0 →
D−½Kþπ−π−�πþ control sample (see Sec. VI). In the fit to
data, we also float fL, the yields Ns

qq̄, Ncharm;s
B0B̄0 and

Ncharmless;s
B0B̄0 and the parameters of the shape of the con-

tinuum model. The remaining yields are fixed to the values
given in Table V as determined from MC simulation.

V. FIT RESULT

We perform a six-dimensional fit to the data with 90 free
parameters. The projections of the fit results onto ΔE, M1,
M2,H1,H2 and F S=B are shown in Fig. 4. Although a clear
four-pion final state peak can be seen in the ΔE distribu-
tion, the strongly signal-enhanced plots still demonstrate
the dominance of the background, especially continuum, in
the projection ontoF S=B. The obtained branching fractions,
their corresponding yield and upper limits at 90% con-
fidence level are given in Table VI, together with fL of
B0 → ρ0ρ0. The statistical correlation coefficients between
the observables are given in Table VII.
Ignoring uncertainties and interference effects for the

moment, the relative contributions of the components

TABLE IV. List of peaking backgrounds, assumed branching
fractions and their expected yields Ns

expected for the two detector
configurations: SVD1 and SVD2.

Mode B ð×10−6Þ NSVD1
expected NSVD2

expected

B0 → a�1 ½π�π∓π��π∓ 16.5� 2.5 65 299
B0 → a�2 ½π�π∓π��π∓ 1.65� 1.65 1 7
B0 → b�1 ½π�π∓π��π∓ 0.17� 1.53 1 3
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modeled in this analysis are found to be 0.1% B0 → ρ0ρ0,
0.1% B0 → f0ρ0, 92.8% continuum, 6.7% BB̄ background
and 0.3% for the remaining four-pion final states.
We evaluate the statistical significance S0 of the result by

taking the ratio of the likelihood of the nominal fit (Lmax)
and of the fit with the signal yield fixed to zero (L0),

S0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 ln

�
L0

Lmax

�s
: (10)

The statistical significances of the B0 → ρ0ρ0 and B0 →
f0ρ0 yields are found to be 4.6σ and 3.6σ, respectively. In
addition, we perform a likelihood scan for each measured
four-pion final state as well as fL, where no exceptional
behavior is found. Likelihood scans of BðB0 → ρ0ρ0Þ, fL
and BðB0 → f0ρ0Þ, where the likelihoods are convolved
with the a Gaussian whose width is set to the corresponding
systematic uncertainty, are shown in Fig. 5; the one-
dimensional scans are used to obtain a total significance

TABLE V. Summary of yields fixed relative to other yields free in the fit for the two detector configurations. The
misreconstructed yield is fixed relative to the signal yield; charmed and charmless BþB− background yields are
fixed relative to their respective B0B̄0 background yields. The central values are obtained from MC simulation; the
errors are statistical.

Component Yield SVD1 Yield SVD2

Ns
Mis ð0.09� 0.0006ÞNSVD1

Sig ð0.09� 0.0006ÞNSVD2
Sig

Ncharm;s
BþB− ð1.40� 0.07ÞNcharm;SVD1

B0B̄0 ð1.42� 0.04ÞNcharm;SVD2
B0B̄0

Ncharmless;s
BþB− ð0.83� 0.08ÞNcharmless;SVD1

B0B̄0 ð0.86� 0.04ÞNcharmless;SVD2
B0B̄0
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FIG. 4 (color online). Projections of the fit to the data. The points represent the data and the solid curves represent the fit result. The
shaded (red) areas show the B0 → ρ0ρ0 and the (orange) long dashed curves the B0 → f0ρ0 contribution. The bright-shaded (cyan) areas
show all four-pion final states, the (dark green) dashed curves show the nonpeaking BB̄ contribution and the (bright green) dash-dotted
curves show the total nonpeaking background. Panel (a) shows the ΔE projection in the F S=B > 0.5 region; (d) shows the F S=B
projection in the jΔEj < 0.02 GeV region. Here, the (dark red) dash double-dotted curve shows only the continuum background
contribution. Panels (b) and (c) show the mπþπ− projections and (e) and (f) the cos θH projections in the F S=B > 0.5 and jΔEj <
0.02 GeV region. The residuals are plotted below each distribution.
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of 3.4σ and 3.1σ for BðB0 → ρ0ρ0Þ and BðB0 → f0ρ0Þ,
respectively.

VI. VALIDITY CHECKS

We have validated our fitting procedure using a full
GEANT MC simulation. Within the statistical error, the
fitter reliably recovers the input branching fractions for
B0 → ρ0ρ0, B0 → ρ0πþπ−, B0 → πþπ−πþπ−, B0 → f0f0
and B0 → f0πþπ−. For B0 → f0ρ0, the fitter exhibits a
small bias; this is described in Sec. VII. In order to
determine the data-to-simulation correction factors (see
Sec. VI), we have performed a more limited fit to a control
sample of B0 → D−πþ, D− → Kþπ−π− decays, which are
topologically similar to B0 → ρ0ρ0. This fit uses only
observables ΔE and F S=B for each r bin. The result is
BðB0 → D−πþÞ ¼ ð2.626� 0.015ðstatÞÞ × 10−3, which is
in good agreement with the world average value of
ð2.68� 0.13Þ × 10−3 [36] as the systematic uncertainty
is typically of the order of 10%.
We investigate the stability of the fit result by removing

from the fit the components B0 → πþπ−πþπ−, f0πþπ−, and
f0f0, whose yields in the nominal fit are negative, con-
sistent with zero. Separately, we furthermore remove
B0 → ρ0πþπ−. The fit result remains stable in both scenar-
ios. Since the branching fraction of B0 → f0ρ0 is larger
than indicated by the previous measurement, we investigate

the impact on B0 → ρ0ρ0 when setting BðB0 → f0ρ0Þ ¼ 0
and vice versa. We obtain consistent results:
B0 → ρ0ρ0jf0ρ0¼0 = ð1.01� 0.31ðstatÞÞ × 10−6 with
fLjf0ρ0¼0 ¼ 0.26� 0.21ðstatÞ and B0 → f0ρ0jρ0ρ0¼0 ¼
ð0.73� 0.21ðstatÞÞ × 10−6. In order to visualize each mode
separately, the nominal fit projections into the ρ0ρ0 and
ρ0f0 windows are shown in Fig. 6, where in both ΔE
distributions a signal peak is visible, while the excess in the
center region of the helicity angle distributions in the ρ0ρ0

window indicates the preferred transverse polarization.
Next, we refit the data while fixing fL to either 0 or 1. We

obtain BðB0 → ρ0ρ0ÞfL¼0 ¼ ð0.79� 0.22ðstatÞÞ × 10−6

and BðB0 → ρ0ρ0ÞfL¼1 ¼ ð0.22� 0.24ðstatÞÞ × 10−6,
respectively. The events from the polarization fixed to zero
prefer an assignment to the background over a modified
polarization. In addition to the two invariant dipion masses,
the two helicity angles provide additional separation power
(especially for the four-pion final state), which in some
cases can be larger than the one from the masses, as many
backgrounds have a ρ0 contribution. We demonstrate their
importance by removing the helicity angles from the fit
where we obtain BðB0 → ρ0ρ0Þ ¼ 0.3þ0.42

−0.31ðstatÞ × 10−6

and BðB0 → f0ρ0Þ ¼ ð0.29� 0.28ðstatÞÞ × 10−6, while
we see an excess (< 2σ) in the modes B0 → πþπ−πþπ−

and B0 → ρ0πþπ−. This is consistent with the previous
analysis from Belle [17].

TABLE VI. Branching fractions B with their corresponding yield, upper limits (UL) at 90% confidence level and the significances (S)
as described in Sec. VI for modes with a positive yield from the fit to data. Furthermore, the longitudinal polarization fraction fL of
B0 → ρ0ρ0 is given. The first and second errors are statistical and systematic, respectively; both errors are also included in the upper
limits and significances. B stands for the product of all branching fractions involved in the B decay to the four-pion final state.

Mode B ð10−6Þ Yield fL UL ð10−6Þ S ðσÞ
B0 → ρ0ρ0 1.02� 0.30� 0.15 166� 49 0.21þ0.18

−0.22 � 0.15 � � � 3.4
B0 → πþπ−πþπ− −3.58þ7.75

−7.19 � 2.10 −25� 54 � � � 11.2 � � �
B0 → ρ0πþπ− 1.70þ4.21

−4.12 � 5.11 33� 82 � � � 12.0 � � �
B0 → f0πþπ− −1.34þ2.12

−1.97 � 0.80 −27� 44 � � � 3.0 � � �
B0 → f0ρ0 0.78� 0.22� 0.11 125� 41 � � � � � � 3.1

B0 → f0f0 −0.03þ0.10
−0.09 � 0.03 −5� 17 � � � 0.2 � � �

TABLE VII. Statistical correlations between the observables.

BðB0 → XÞ ρ0ρ0 fL πþπ−πþπ− ρ0πþπ− f0πþπ− f0f0 f0ρ0

ρ0ρ0 1 0.45 −0.03 −0.34 0.04 0.02 −0.02
fL 1 0.06 0.00 0.03 0.01 −0.08
πþπ−πþπ− 1 −0.35 −0.23 −0.04 0.00
ρ0πþπ− 1 −0.07 0.02 −0.24
f0πþπ− 1 −0.36 −0.20
f0f0 1 0.07
f0ρ0 1
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VII. SYSTEMATIC UNCERTAINTIES

Systematic errors from various sources are considered
and estimated with independent studies and cross-checks.
These are summarized in Table VIII for B0 → ρ0ρ0 and
Table IX for the remaining four-pion modes. This includes
the uncertainty on the number of produced BB̄ events in the
data sample. Contributions to the uncertainty in the selection
efficiency due to particle identification and tracking are
determined by using independent control samples.
The uncertainty in the ρ0 shape is determined by varying

the fixed mass and width within its world average uncer-
tainty [36]. We account for a difference in the fraction of
misreconstructed events between data and MC by varying
this parameter by �50% of its value and repeating the fit.
Since we did not treat the correctly reconstructed events
separately for the remaining four-pion final states, we
assign the same number as for B0 → ρ0ρ0.
Variations in the parametric model shape due to limited

statistics are accounted for by varying each parameter
within its error. Uncertainties in the nonparametric shapes
are obtained either by varying the contents of the histogram
bins within �1σ (referred to as bin-wise in Table X) or by
modifying the shapes as follows: in order to enhance a
longitudinally (transversely) polarized signal-like shape we
vary the content of each two-dimensional helicity PDF
from −ðþÞ 1σ in the center and þð−Þ 1σ in the corners and

extrapolate the variation in between. For each background
component, we generate two sets of pseudoexperiments
according to our fit result; one for each modification of the
helicity PDFs (longitudinal- or transverselike). We neglect
the nonsignificant modes in this study, except for
B0 → ρ0πþπ−, whose yield is free; the variation of the
B0 → ρ0πþπ− helicity shape is described below. Half of the
difference between the fitted parameter of each set is taken
as the corresponding uncertainty from this study (referred
to as bending in Table X). Since the helicity description of
continuum is fixed from off-resonance data, we also use
sideband data (Mbc<5.25GeV=c2 and ΔE > 0.025 GeV)
in order to correct the continuum helicity PDF in each bin,
apply the correction to the fit to the data and take the
difference to the nominal fit result as the corresponding
uncertainty. Similarly, we obtain an alternative, overall
description of the helicity and mass distributions
of generic B decays from another sideband region
(Mbc < 5.25 GeV=c2 and jΔEj < 0.2 GeV), which then
substitutes the one obtained from MC simulation in the fit
to data. To avoid double counting of the same effect, the
largest uncertainty of all three studies, see Table X, is taken.
We consider the diversity of all three studies as large
enough to also account for a possible difference between
data and MC.
The systematic uncertainty due to fixing the peaking

background yields of B0 → a�1 π
∓ and B0 → b�1 π

∓ are
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FIG. 5 (color online). Top: Likelihood scans of BðB0 → ρ0ρ0Þ, fL and BðB0 → f0ρ0Þ convolved with the corresponding systematic
uncertainty. Bottom: 2 D likelihood scans of BðB0 → ρ0ρ0Þ versus fL (left and middle) and versus B0 → f0ρ0 (right). The statistical
likelihood scan of BðB0 → ρ0ρ0Þ versus fL (left) demonstrates the expected insensitivity of the likelihood to fL for BðB0 → ρ0ρ0Þ ¼ 0.
The middle and right scans are convoluted with the corresponding systematic uncertainties. The minimum (white spot) presents the fit
result obtained from this measurement.
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estimated by varying the branching fraction by its world
average error and repeating the fit. Since only an upper limit
is known forB0 → a�2 π

∓, we vary its yield from zero to two
times its fixed value. The fit bias was determined from full

simulation by searching for a difference between the
generated and fitted physics parameters. Because of imper-
fection in the modeling of all the correlations, we find a
non-negligible bias of þ16% for the mode B0 → f0ρ0. We
subtract 16% from the fit result and assign a 2.2% uncer-
tainty, determined from a variation of the generated
B0 → f0ρ0 yield within �1σ. All other biases are found
to be small compared to the statistical uncertainty and
are therefore treated fully as systematic uncertainties.
Furthermore, we performed an ensemble test where we
replaced the B0 → ρ0πþπ− helicity PDF with one where the
ρ0 is either longitudinally or transversely polarized to
generate MC sets according to the fit result. Modes in
agreement with zero events except B0 → ρ0πþπ− were not
generated, but left free in the fits. The maximal deviation
from the nominal model is taken as the uncertainty related to
the assumption of the B0 → ρ0πþπ− helicity dependency.
Finally, the uncertainty from neglecting interference

between the four-pion final states is estimated by con-
structing a 4-body amplitude and generating samples of
two four-pion final states, including detector effects. For
each set of modes, we first calibrate the relative amplitude
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FIG. 6 (color online). Projections of the fit to the data into a ρ0ρ0 window 0.60 GeV=c2 < mπþπ− < 0.88 GeV=c2 (upper row) and a
f0ρ0 window 0.6 GeV=c2 < Mk < 0.88 GeV=c2 and 0.88 GeV=c2 < Ml < 1.08 GeV=c2 (lower row). The points represent the data
and the solid curves represent the fit result. The shaded (red) areas show the B0 → ρ0ρ0 and the (orange) long dashed curves the
B0 → f0ρ0 contribution. The bright shaded (cyan) areas show all four-pion final states, the (dark green) dashed curves show the
nonpeaking BB̄ contribution and the (bright green) dash-dotted curves show the total nonpeaking background. Panels (a) and (d) show
the projection into ΔE for F S=B > 0.5 and (b), (c) and (e), (f) show into cos θH for F S=B > 0.5 and jΔEj < 0.02 GeV. The residuals are
plotted below each distribution.

TABLE VIII. Systematic uncertainties of the branching fraction
of B0 → ρ0ρ0 and fL.

Category δBðB0 → ρ0ρ0Þ (%) δfL

δNðBB̄Þ 1.4 � � �
Tracking 1.4 � � �
Particle identification 2.5 � � �
Misreconstruction fraction 2.4 0.03
Resonance shape 0.2 < 0.001
Model shape 5.1 0.11
Histogram shape 8.5 0.08
BðB0 → a1πÞ 0.4 0.03
BðB0 → b1πÞ < 0.1 < 0.001
BðB0 → a2πÞ < 0.1 < 0.001
Fit bias 1.9 0.03
ρ0ππ helicity 6.3 0.05
Interference 8.4 0.03
Total 15.1 0.15
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strength between the two considered modes in order to
obtain a yield ratio as found in the data. For the calibration,
we set the relative phase to 90°. Then, we generate sets with
the relative phase between the two modes of interest
varying from 0° to 180° in steps of 10°. Each set is fitted
with an incoherent model and the rms of the variation of the
fit results with respect to the one obtained from the
calibration set is taken to be the systematic uncertainty.
We consider the modes B0 → ρ0ρ0, a1π, f0ρ0 and ρ0ππ
(where, for ρ0ρ0, we set fL ¼ 0.21). We find that inter-
ference with a1π gives the largest uncertainty in all cases.
Due to the combination of a broad (nonresonant pion

pair) part together with a ρ0 contribution, the mode B0 →
ρ0πþπ− can absorb changes in model more easily; therefore
this mode has a relatively large statistical and systematical
uncertainty.

VIII. ϕ2 CONSTRAINT

We use the branching fraction and the longitudinally
polarized fraction of B0 → ρ0ρ0 decays from our result,
fL × BðB0 → ρ0ρ0Þ ¼ ð0.21� 0.34Þ × 10−6, to obtain a
new constraint on the CKM angle ϕ2 through an isospin
analysis [22] in the B → ρρ system. Because of Bose-
Einstein statistics, the two ρs can only carry a total isospin

of I ¼ 0 or I ¼ 2, while the strong loop contributions can
only result in I ¼ 0; the gluon does not carry isospin.
Neglecting electroweak contributions or isospin breaking
effects, the complex B → ρρ amplitudes can be related via

1ffiffiffi
2

p Aþ− þ A00 ¼ Aþ0;

1ffiffiffi
2

p Āþ− þ Ā00 ¼ Ā−0; (11)

where the amplitudes with b̄ → ū (b → u) transitions are
denoted as Aij (Āij) and the superscript identifies the
charges of the ρ mesons. These relations can be visualized
as two triangles in the complex plane. Isospin arguments
show that the charged B decay B� → ρ�ρ0 arises only at
tree level. Consequently, the two isospin triangles share the
same base: Aþ0 ¼ Ā−0. The difference between the two
isospin triangles corresponds to the shift Δϕ2 due to
additional contributions. This method has an eight-fold
ambiguity in the determination of ϕ2 that arises from the
four possible orientations of the two triangles and from
measuring sinðϕeff

2 Þ. The amplitudes are constructed from
branching fractions and direct CP asymmetries ACP and
then used to obtain the possible pollution in the mixing
induced CP asymmetry SCP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − A2

CP

p
sinð2ϕeff

2 Þ,
obtained from B0 → ρþρ− decays. For the remaining sides
of the triangles, we use Belle results: the longitudinally
polarized fraction of BðB0 → ρþρ−Þ ¼ ð22.8� 4.6Þ ×
10−6 with fþ−

L ¼ 0.94� 0.05,Aþ−
CP ¼ 0.16� 0.22, Sþ−

CP ¼
0.19� 0.31 [15,42] and the longitudinally polarized frac-
tion of BðB� → ρ�ρ0Þ ¼ ð31.7� 8.8Þ × 10−5 with fþ0

L ¼
0.95� 0.11 [43]. Figure 7 shows the two solutions for ϕ2

from a probability scan. The solution that is consistent with
the SM is ϕ2 ¼ ð84.9� 13.5Þ°. The size of the penguin
contributions is small: Δϕ2 ¼ ð0.0� 10.4Þ°. Because of
the very small B0 → ρ0ρ0 branching fraction relative to the
other two B → ρρ decays, the four solutions from the
isospin analysis degenerate into the two apparent solutions.
This makes this isospin analysis less ambiguous compared
with the B → ππ system, where the decay into two neutral
pions is significantly stronger [10,11,44,45], resulting in
eight solutions for ϕ2.

TABLE IX. Systematic uncertainties (%) for other modes with
four-pion final state.

Category 4π ρ0πþπ− f0πþπ− f0f0 f0ρ0

δNðBB̄Þ 1.4 1.4 1.4 1.4 1.4
Tracking 1.4 1.4 1.4 1.4 1.4
Particle identification 2.5 2.5 2.5 2.5 2.5
Misreconstruction fraction 2.4 2.4 2.4 2.4 2.4
Resonance shape � � � � � � � � � � � � < 1
Model shape 28.5 218.8 13.5 13.8 7.1
Histogram shape 38.1 127.3 54.5 46.1 5.9
BðB0 → a1πÞ 10.3 129.5 3.1 4.7 3.4
BðB0 → b1πÞ < 1 1.6 < 1 < 1 < 1
BðB0 → a2πÞ < 1 2.7 < 1 < 1 < 1
Fit bias 18.6 10.3 7.4 100.1 2.2
ρ0ππ helicity 26.8 23.3 17.6 14.1 4.5
Interference � � � 93.2 � � � � � � 6.8
Total 58.7 300.3 59.5 112.1 13.7

TABLE X. Systematic uncertainties arising from the three alternative studies of the variation of the nonparametric
PDFs as described in the text. The largest value is taken for each observable. The uncertainties obtained from the
sideband studies are listed separately in the last two columns. For the observable BðB0 → ρ0ρ0Þ we combine the
value obtained from correcting the continuum helicity PDF with sideband data with the remaining values obtained
from the bending studies (6.2%), resulting in a total uncertainty of 8.5%. The BB̄ components give the dominant
contribution to the uncertainty of fL in all cases.

Variation Bin-wise Bending qq̄ sideband BB̄ sideband

δBðB0 → ρ0ρ0Þ (%) 4.1 7.0 5.8 0.4
δfL 0.03 0.08 0.05 0.07
δBðB0 → f0ρ0Þ (%) 5.9 3.4 2.6 3.8
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IX. RESULT DISCUSSION

Including the helicity angles in the fit is the main
difference with the previous Belle analysis, where no such
information was used. Besides allowing us to measure the
polarization, the helicity angles provide further separation
power, especially between the four-pion final states, which
otherwise can only be separated by the dipion masses.
Their importance is reflected by the result of the fit to data
without using the helicity information (see Sec. VI). The
stability of the fit result within the model shape studies (see
Sec. VII) demonstrates the use of an appropriate helicity
description. Further differences include an improved tag-
ging algorithm for the SVD2 data sample, the usage ofMbc
as a B meson selection criteria instead of the vertex fit
quality (so that this measurement could be superseded by a
time-dependent measurement; consequently,Mbc could not
be used as a fit variable here, as mentioned in Sec. III) and
the replacement of an event-shape topology-dependent
selection criteria with the inclusion of F S=B into the fit.
The latter increases the amount of continuum background
significantly more than BB̄ mesons decay contributions;
to compensate, reduced M1, M2 window has been chosen
to reduce the overall background while leaving the signal
detection quality unchanged, as demonstrated with a MC
study. Moreover, an optimization of the selection criteria,
but especially the inclusion of F S=B, results in an increase
of the reconstruction efficiency by 107%, according to MC
simulation. For the comparison, we assume the same fL as
obtained from this measurement for the total reconstruction
efficiency of the previous analysis, since the efficiency for
transversely polarized ρ0s is higher due to a different
momentum spectrum of the daughter pions.

X. CONCLUSION

We have presented a measurement of the branching
fraction of B0 → ρ0ρ0 decays and the fraction of longitu-
dinally polarized ρ mesons in this decay, together with
other four-pion final states using the final Belle data set of
772 × 106 BB̄ pairs.

We find a branching fraction of BðB0 → ρ0ρ0Þ ¼
ð1.02� 0.30ðstatÞ � 0.15ðsystÞÞ × 10−6 with a signifi-
cance of 3.4 standard deviations and a longitudinally
polarization fraction fL ¼ 0.21þ0.18

−0.22ðstatÞ � 0.15ðsystÞ.
Since the longitudinally polarization fraction is found to
be small, no measurement of the CP asymmetries is
performed. However, we use the result of longitudinally
polarized ρ mesons in B0 → ρ0ρ0 decays to constrain the
CKM angle ϕ2 ¼ ð84.9� 13.5Þ° with an isospin analysis
in the B → ρρ system.
Furthermore, we find 125� 41 B0 → f0ρ0 events,

corresponding to BðB0 → f0ρ0Þ × Bðf0 → πþπ−Þ ¼
ð0.78� 0.22ðstatÞ � 0.11ðsystÞÞ × 10−6, with a signifi-
cance of 3.1 standard deviations. With a significant yield
of B0 → f0ρ0 decays, a measurement of the CP asymme-
tries could be performed in principle, but with a large
uncertainty with the current statistics. We find no other
significant contribution with the same final state, and set
upper limits at 90% confidence level on the (product)
branching fractions, BðB0 → πþπ−πþπ−Þ < 11.2 × 10−6,
BðB0 → ρ0πþπ−Þ < 12.0 × 10−6, BðB0 → f0πþπ−Þ ×
Bðf0 → πþπ−Þ < 3.0 × 10−6 and BðB0 → f0f0Þ×
Bðf0 → πþπ−Þ2 < 0.2 × 10−6.
The previous Belle analysis set an upper limit on the

branching fraction of B0 → ρ0ρ0 decays: BðB0 → ρ0ρ0Þ <
1.0 × 10−6 at 90% C.L., using a sample containing 657 ×
106 BB̄ pairs and assuming pure longitudinal polarization
[17]. The BABAR Collaboration has performed a study of
B0 → ρ0ρ0 decays with 465 × 106 BB̄ pairs and found a
branching fraction BðB0 → ρ0ρ0Þ ¼ ð0.92� 0.32ðstatÞ �
0.14ðsystÞÞ × 10−6 and a longitudinal polarization fraction
of fL ¼ 0.75þ0.11

−0.14ðstatÞ � 0.04ðsystÞ [18]. Thus the result-
ing B0 → ρ0ρ0 branching fraction is consistent with the
previous Belle analysis and it is also in agreement with the
value obtained by the BABAR Collaboration. The fraction
of longitudinal polarization in B0 → ρ0ρ0 decays is some-
what lower than previously measured (differing from
the BABAR result by 2.1σ) and the branching fraction of
B0 → f0ρ0 decays is significantly higher than indicated by
previous measurements. For the modes where an upper
limit is obtained, we have improved values for B0 →
πþπ−πþπ− and B0 → f0πþπ− compared to the current
available limits [36].
This measurement is still statistically limited, and more

insight on the interesting and complex structure of four-
pion final state B decays will be accessible by future
experiments [46,47], e.g., by performing a four-body Dalitz
analysis.
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