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Abstract
We present a study of the branching fraction of the decay B? — p°° and the fraction of
longitudinally polarized p” mesons in this decay. The results are obtained from the final data
sample containing 772 x 108 BB pairs collected at the Y(45) resonance with the Belle detector
at the KEKB asymmetric-energy ete™ collider. We find 166 + 59 B? — p°p° events (including
systematic uncertainties), corresponding to a branching fraction of

B(B° — p°p°) = (1.02 £ 0.30 (stat) £ 0.15 (syst)) x 1076
with a significance of 3.4 standard deviations and a longitudinal polarization fraction
fr = 0.217035 (stat) £ 0.15 (syst).

We use the longitudinal polarization fraction to determine the Cabibbo-Kobayashi-Maskawa matrix
angle ¢o = (84.9 + 13.5)° through an isospin analysis in the B — pp system. We furthermore find
125 +41 BY — fgpo events, corresponding to

B(B° — fop®) x B(fo — 7T7~) = (0.78 4 0.22 (stat) 4 0.11 (syst)) x 1076,

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,

B(B® — rtr—ntn™) < 11.2 x 1079,
B(B® — p'7t7n7) < 12.0 x 1076,
B(BO — f07T+7T_) x B(fo — 7T+7T_) <3.0x107% and
B(B® — fofo) x B(fo — ntm™)? < 0.2 x 107S.

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 @, . Mixing-induced C'P
violation in the B sector has been clearly observed by the Belle é, @] and BaBar ﬂﬂ, ]
collaborations in the b — c¢s induced decay B — J/1¢KY, while many other modes provide
additional information on C'P violating parameters |7, ]

Decays that proceed predominantly through the b — wud transition are sensitive to
one of the angles of the unitarity triangle, ¢o (or o) = arg[(—ViaViy)/(VuaV,5)]; its current
world average is ¢, = (88.5747)° [d]. The Belle, BaBar and LHCb collaborations have
reported time-dependent C'P asymmetries in these modes that include decays such as B —
w1012, pEaT [13,04], ptp~ 18,14, p°p° [17,[18] and o xF [19-21]. A feature common
to these measurements is that possible loop contributions, in addition to the leading-order
tree amplitude, can shift the measured angle to ¢5T = ¢ + A¢y. This inconvenience can
be overcome with bounds on A¢, determined using either an isospin analysis @] or SU(3)
flavor symmetry [23].

This analysis is concerned with the branching fraction of B°(B%) — p°p° decays, the
fraction of longitudinal polarization in these decays and further decays of the B meson into
four-charged-pion final states as the p° decays into two charged pions. The leading-order
tree and penguin diagrams of B® — p°p° decays are shown in Fig. [l Since the dominant
tree process is color-suppressed, B® — p°p" is expected to be less probable than its isospin
partners. The SM, using perturbative QCD (pQCD) or QCD factorization in the heavy
quark limit [24-30], predicts the B® — p°p° branching fraction to be ~ 1 x 1076,

The p°p° vector-vector state is not a pure C'P eigenstate, but rather a superposition of
C P-even and -odd states, or three helicity amplitudes, which can be separated through an
angular analysis. We use the helicity basis where the angles 0p|r—12, each defined as the
angle between the 7+ and the B flight directions in the rest frame of the k™ p° (Fig. B,
can be used to separate longitudinally (C'P-even) from transversely (C'P-even and -odd)
polarized p° mesons.

Analogous to the decay of a B® meson into two charged p mesons ﬂﬁ, ], B — p%00 is ex-
pected to decay predominantly into longitudinally polarized p%s. However, color-suppressed
B meson decays into two vector particles are especially difficult to predict; one important
difficulty, for example, is the non-factorization of the spectator-scattering for the transverse
amplitude even at leading order @, @] Hence, this analysis provides an excellent test of
the assumptions used in these frameworks and improves our understanding of the strong
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FIG. 1: Leading-order tree (left) and penguin (right) diagrams for the decay B® — p°p°.



interaction.

In Sec. [T, 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. [II] and [V]
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. [V
The systematic uncertainties are discussed in Sec. [VII] and a constraint of the CKM phase
@9 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 x 10 BB pairs
collected with the Belle detector at the KEKB asymmetric-energy ete™ (3.5 on 8 GeV)
collider [31]. At the T(4S5) resonance (y/s = 10.58 GeV), the Lorentz boost of the produced
BB pairs is 7y = 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(T1) crystals (ECL) 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 K? mesons and to identify muons
(KLM). The detector is described in detail elsewhere @ TWO inner detector configurations
were used. A 2.0 cm radius beampipe and a 3-layer silicon vertex detector (SVD1) were used
for the first sample of 152 x 106 BB pairs, while a 1.5 cm radius beampipe, a 4-layer silicon
detector (SVD2) and a small-cell inner drift chamber were used to record the remaining
620 x 10° BB pairs [33). We use a GEANT-based Monte Carlo (MC) simulation to model
the response of the detector and determine its acceptance @]

III. EVENT SELECTION

We reconstruct B® — p°p°, where p® — 77—, Charged tracks have to fulfill requirements
on the distance of closest approach to the interaction point: |dz| < 5.0 cm and dr < 0.5 cm
along and perpendicular to the z axis, respectively. With information obtained from the
CDC, ACC and TOF, particle identification (PID) is determined with the likelihood ratio
Li; = Li/(Li + L;), where L; (L£;) is the likelihood that the particle is of type i (j). We

FIG. 2: Definition of the helicity angles 0 for each p, identified by index k =1, 2.



TABLE I: Summary of criteria to remove peaking background modes. A muon mass hypothesis
has been applied to specific tracks for the J/¢) channel. Here, 7Tf_ my forms the first and 713' un
the second p? candidate of a reconstructed event. X represents any intermediate state or track
combination that leads to a 4-body final state. Only peaking combinations are vetoed.

Regions vetoed Modes vetoed
1.85 GeV/c? < m(nt7m~) < 1.89 GeV/c? B — Drtn —]X

1.85 GeV /2 < m(nfnymf) <189 GeV/c> B — DF[x* ]
1.85 GeV /2 <m(mymym; ) <189 GeV/c?> B — D [n ntr]X
1.95 GeV/c? < m(ﬂfﬂz 73) <199 GeV/c? B — Df[rTarT]X
1.95 GeV/c? < m(mymimy) <1.99GeV/c? B— Dy[r ntr]X
3.06 GeV/c? < m(utp~) < 3.14 GeV/c? B — J/putu]X
0.478 GeV /c? < m(my w3 ) < 0.512 GeV /c? B — Kdntn™]X

require Lk /. < 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 ﬂ@] are imposed
on the charged tracks, to permit a subsequent measurement of the C'P asymmetries.
Intermediate dipion states are reconstructed above the K region with an invariant mass
0.52 GeV/c? < m(rtn~) < 1.15 GeV /2 straddling the broad p°(770) resonance [36]. This
range retains 93% of the phase-space available for a p" coming from B® — p°p° 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 BTag
Reconstructed B candidates are described with two kmematlc variables: the beam-

energy-constrained mass M. = \/ (EEMS [e2)2 — (p§MS /)2 and the energy difference
AE = E$MS — ECMS - where EXMS is the beam energy and ESMS (p§M°) is the energy

(momentum) of the B meson, evaluated in the center-of-mass system (CMS). The B candi-
dates that satisfy M. > 5.27 GeV/c? and |AE| < 0.1 GeV are selected for further analysis.

To reduce peaking background coming from charm (b — ¢) decays of the B meson with
a similar final-state topology such as B® — D~ [r~n"7~]r" or backgrounds due to particle
mis-identification, we place vetoes on various combinations of the four charged tracks forming
our BY candidate, as summarized in Table [l 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 (e*e™ — ¢, where ¢ =
u,d, s, c) events. We use their jet-like topology to separate them from the more spherical BB
decays using a Fisher discriminant [37] Fg,p constructed from the following seven variables:

o Lg" = 37, PN’ cos® Oons o, 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.

e cos g 1o, where the angle is between the B thrust direction and the thrust of the
tag side.

e cosfp ., where the angle is between the B flight direction and the z direction.



o hie =%, 1billpj.| Pa(cos(0i,))], closely related to the Fox-Wolfram moments 38, 134,
where p; is the CMS momentum of the i track from the signal side (s), pj, is the
CMS momentum of the ji' particle from the other side (0), 6;;, is the angle between
particle ¢ and j, and P, is the second order Legendre polynomial. For the other side,
we distinguish three cases using index k& = 0,1 and 2, for charged tracks, neutral
particles and missing energy (treated as a particle), respectively.

The respective distributions and Fg/p are shown in Fig. We require | cos frp1o| < 0.9

normalized # events/ (0.2)
normalized # events/ (0.2)
normalized # events/ (0.02)
normalized # events/ (0.02)
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FIG. 3: (color online) Simulated MC and off-resonance distributions for the quantities used to
construct the Fisher discriminant Fg,p, which is shown in the lower right plot. The solid (blue)
histograms show the distribution for BB 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 | cos f1p o] < 0.9 being applied before the training of the fisher.

in order to reject 50% of the continuum background while retaining 90% of signal. The
BB and ¢q training samples are taken from signal MC events and from (off-resonance) data
taken below the T (45) resonance, respectively, and also fulfill | cos frp 10| < 0.9. The Fisher
discriminant is also required to satisfy —3 < Fg/p < 2. This, together with the previously
mentioned requirements of |[AE| < 0.1 GeV, M, > 527 GeV/c? and 0.52 GeV/c* <
m(rT7™) < 1.15 GeV/c?, 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 My, nearest the nominal B meson mass i{ﬁ],
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



TABLE II: The reconstruction efficiencies (€) 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 B® — p%° we use the f; value
obtained from the fit to data.

Mode esvpi (%) esvpz (%)
BY — p9p0 22.38 £0.05 25.38 £0.06
B = fofo 24.73 £0.06 28.11 £0.07
B — fop° 23.42 +£0.05 26.96 &+ 0.07

B - fortm~ 2.82+0.02  3.16 £0.02
BY — pOrtr— 2.64 +£0.02  3.0240.02
B - rtr—rtr—  0.9840.01  1.0940.01

momentum difference between its pions is chosen. Since our selection criteria biases the M,
distributions, we do not use this variable in the fit to data. The fraction of mis-reconstructed
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 ﬂ@] and employ the flavor tagging routine described in
Ref. @] The tagging information is represented by two parameters, the B%ag flavor ¢ = +1
for B%ag = B, B, and the tagging quality r. The parameter r is an event-by-event, MC
determined flavor-tagging dilution factor that ranges from r = 0 for no flavor discrimination
to r = 1 for unambiguous flavor assignment. We find Fg/p to be correlated with r and
therefore divide the data into 7 r-bins, labeled with the index [.

We complete the reconstruction with a randomization of the ordering of the two p’s by
interchanging the two p° 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 — uud channels with the same final state as signal,
namely B — ain®, ai7nT, bint, f5(980)0°, f0(980)f5(980), p’mtr~, fo(980)7t 7~ and
7tn-mt7~. The detection efficiencies € of the considered four-charged-pion final states after
applying all mentioned selection criteria are listed in Table[[Il 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, n = 0.85 4+ 0.03 for all four-pion modes.

IV. EVENT MODEL

The branching fraction is extracted from an extended six-dimensional unbinned maximum
likelihood fit to AE, Fg/p, My, Ms, H, and H, in the ™ r-bin and SVD configuration s,
where My and Hj, represent the invariant dipion mass m,+,- and helicity parameter cos 6y of
the k' p° 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 P(AE", F§ p, Mi, My, Hi, Hy) = P(AE') x P(Fy ) %
P(M}) x P(M) x P(H}) x P(HS); otherwise, correlations 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

mol (Mgt r-)
T R e

nta—

BW(mWﬁrf ) =

with a mass-dependent width

r<mw+w>:ro(1ﬁ)3( ") 3 o)

Po Mert+n—

pr is the momentum of a resonance daughter in the resonance frame and m,+,- is the
invariant mass of a pion pair. I'y and mg are the width and invariant mass of the nominal
resonance, such as p° emerging from B decays and p, is the nominal momentum of a pion

daughter from a nominal p°. Bi(p;) = iig’;’ 2); is a Blatt-Weisskopf form factor, as

described in Ref. @] The PDF for Fg/p for all components j are sums of two asymmetric-
width (bifurcated) Gaussians in each r-bin. The PDF for H; and H, for all backgrounds
are two-dimensional (2D) histograms, further symmetrized by reflecting the entries along
the diagonal, H; <> Hy. 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 ] for one-dimensional histograms or kernel
algorithms else. Chebyshev polynomials are multiplied by a constant factor cZoP*"™ where
the subscript labels the order of the corresponding polynomial and the superscript labels the
corresponding component, e.g. nc (cc) for b — ¢ transitions in neutral (charged) B decays.

The different components of the PDF are described below and summarized in Table [TTt

e The signal model shape is determined from correctly reconstructed signal MC events
for each polarization. The PDF for AFE is taken to be a sum of two bifurcated Gaus-
sians. The distribution in the M;-M, plane is modeled with a product of two rela-

tivistic Breit-Wigner functions and the distribution in the H;-Hs plane is described
by

1 d’T 911 . .
Tdoosfodeost: = 1 Z(l — f1)sin? Oy sin? Oy + f1, cos® Oy cos? Opa |, (3)
H1 H2

where f; = |Ag|?/ Y |Ai]? is the fraction of longitudinal polarization; Ay, A, and
A_y 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 mis-reconstructed model shape is determined from incorrectly reconstructed signal
MC events for each polarization and is described by histograms for all fit variables.

e The continuum model shape is studied with off-resonance data. Since the off-resonance
data contains 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 AFE is taken to be a first-order Chebyshev polynomial. The m +,- shape
is the sum of a second order polynomial, a Breit-Wigner for p° and a Breit-Wigner
for fo(980). The helicity angle distribution is described by a histogram and Fg/p is
modeled as described before; in addition, we account for a correlation with m+,-by
multiplying its mean with the factor a' = p}(M; + M,) + 1, where p}, is a constant in
each r-bin.



e The PDF for the background due to B decays from b — ¢ transitions (charm B decays)
is determined from a large sample of MC events containing 10 times the number of
expected events and is further divided into a neutral and a charged B sample. For
both samples, AF is correlated with the helicity angles and therefore its PDF in each
sample is formed in different bins. We model the neutral component in four regions
of the H; versus Hy distribution by first-order Chebyshev polynomials where we also
add a Gaussian if either a) |Hy| > 0.65 or b) |H,;| > 0.65 and —0.5 < Hy, < 0.65 with
j % k’

Pisge (AE)m,m, = (fGAE, p,0) + (1= f)(°CL(AE))) a1, (4)
The charged component’s AE distribution is described by the sum of Chebyshev
polynomials up to third order,

PR (AB) i, = 3 6°CHAE) + a(Hy, Hy)5 Co(AE). (5)

i=1,2

where the cubic term is multiplied with a factor a, obtained from MC events, that
accounts for the correlation with the helicity angles: a(Hy, Hy) = b5 (|Hy| + |Ha))
if |Hg| > 0.5 with b$am = 0.68 + 0.01, otherwise a(Hy, Hy) = 1.

The m,+,- 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 |Hy| > 0.65,
P%}baé?(mW*W*)Hth = thHzClCl<m7r+7T*)<1 - fH17H2>G<m7r+7r*7,uv U)' <6>

The widths of the Gaussians of both Fg/p shapes are multiplied with a constant d' in
the four corners of the Hy, H, plane, a) |Hy| > 0.7 or b) H; > 0.5 and H;, < —0.5,

J# k.

e 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 contain-
ing 50 times the number of expected events and also divided into a neutral and a
charged category. The AFE distribution of neutral charmless B decays is described
by a Gaussian plus a third-order Chebyshev polynomial, and that of charged charm-
less B decays by a first-order Chebyshev polynomial Pgmiess — ¢ O (AE), where
Cor = aQTEISS(M + My) + bE2mless(M; x M) with a@omless = —2.44 4+ 0.47 and
peharmless — 5 46 + 1.08 accounts for the correlation with the dipion masses. Since the
neutral charmless M7, M, distribution is correlated with Hy, Hs, we describe its shape
by the sums of Gaussians and Chebyshev polynomials in five bins of Hy, Hs; in addi-
tion, in most bins, a correlation between the two 77~ masses had to be taken into
account. The charged m,+,- distribution is modeled by a smoothed 2D histogram.

e The PDF shapes for the remaining four-pion states (B® — a7 t7~, o7 7™, for°,
fofo, fortm=, a7 T, a5 wF and b7 T) are determined from individually generated MC
samples. For the decay B — p’777~, we assume a phase space distribution and
account for this assumption in the systematic uncertainty. AFE is described in a
similar manner to the signal component. Since we include mis-reconstructed events in
the model, a polynomial is added to their AE PDFs. For the non-resonant decay, the
correlation of AF with the helicity angles is incorporated by taking a different width

of the AE’s core Gaussian for the center of the H;-Hs plane. The M;, M, shapes
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TABLE III: Summary of the event model. The signal PDF for longitudinally (transversely) po-
larized p°s is denoted by the superscript LP (T P) 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. C; are
sums of Chebyshev polynomial of different order, where the subscript labels the number of used
orders; e.g. C1_3 = C1 + Cy + C3 and Cy 4 = Cy + 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 PDFlvariable(s). Since the two dipion masses and helicity angle PDFs
are symmetric under p{ <+ p9 only the PDF for one p° is given, the actual PDF is then the product
of two PDFs, one for each m_+,-(cos ff). An asymmetry within the two-dimensional m .+, PDF
is denoted as PDF|M.

Component AFE Mot — cos 0y Fs/B
B — popo‘tLT}uje dBG BWpo Eq. dBG;
B — p°p° |1, dBG BW Eq. dBG,
B — p%p°5F HiD HZ, HP dBG'™®
B — p°p°| TP H!D H2, H2P dBG;®
continuum Cy BW, + BWj, + Co 4 H2P dBGy|m, M2
B(B) — charm C1+ GlH1,H2 C1+ GlH1,H2 HZP|ap  dBGY®|i1 i
B* — charm Cr-3|m1,m2 Ci-3 H?P |z ABGY® |11 1o
B(B) — charmless C3+G (Ci + G)|AH/[17H27 H?P|Ag dBG:*®
B* — charmless Ch|mi,m2 Hgm H2P dBGS®
B rtrata—  dBGYS|y; po H2D H2P dBGS'®
B — pOntr dBGsi8 H2D H2b dBGS®
B — forta™ dBGs8 H2D H2D dBGS®
B — fofo dBGss BW, H2D dBGS®
B = fop° dBGsis BW 0 - BWy,|M H2D dBGS®
B — afrnT dBGsis H2D H2P ABGS| v w2
B — ainT dBGsis H2D H2P dBG;
B — binF dBGsis H2D H2P dBG;8

are modeled by 2D histograms, except for B® — fyfy and B® — fop°, where products
of two Breit-Wigners are used. For B® — f,p°, the correlation between M, and M,
is taken into account. The mean of the Gaussian of the B — a%%r$ Fs/p shape is
multiplied with a = 14 by, (M; + M,), to account for the correlation with the masses.

For AE and Fg/p, 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 B® — D~[KT7 7~ ]x" and are used for
the AE PDF's of all four-pion final states and for the Fg/5 PDF's of all BB modes, whose
shapes are all determined from MC events. Furthermore, the signal’s core Gaussian is made
common among all four-charged-pion final states for AE and among all BB modes for Fs/B-
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TABLE IV: List of peaking backgrounds, assumed branching fractions and their expected yields

Neypectea for the two detector configurations; SVD1 and SVD2.
Mode B (x107%)  N&Yeeted  Newpected
B = af[rtrFatnT 165+ 2.5 65 299
B — aF [rtaFat]n T 1.65 4 1.65 1 7
B — b [rtrFat)rt 017+ 1.53 1 3

Besides the dominant four-pion contribution B® — af7T, we also fix the other quasi-
two-body B? — X*7F decay modes as listed in Table [V] where we assume the unknown
branching fraction of B® — a57¥ to be 10% of B® — af7"’s. A recent measurement
by Belle supports this assumption m] The other two branching fractions are assumed to
take their current world average values, given in Ref. @] Throughout this paper, for the
modes including an fj, the exclusive branching fraction for fy — 77~ is incorporated; e.g.,
B(BO — f(]fo) stands for B(BO — fofo) X B(f() — 7T+7T_)2.

The total likelihood for 116081 signal candidate events in the fit region is

Zl.s l_S Nlé . )
L= H HZNjf;’Spj"S(AEZ, s/5> M, My, Hy, H), (7)

i=1 j

which runs over event ¢, component 7, r-bin [ and SVD configuration s. Instead of two free
signal yields Ng;, for each detector configuration, branching fractions for the four-pion final
states (j) are chosen as single free parameters B(B — X)) and incorporated into the fit with

N; = B(B" = f)Njzei, (8)

where €% and 7 are the efficiencies and correction factors described in Sec. [IIl Because of the
two possible polarizations in B — p°p° decays, Eq. B takes the distinct forms; for example,
for longitudinally polarized p% (LP):

Nip = B(BO — POPO)fLNfBBEiPWEPa 9)

and similarly with (1 — f;) replacing f; for transverse polarization. The fraction of events
in each r-bin [, for component 7, is denoted by fl’s The fractions of all BB components,

52, have been calibrated with the B® — D~ [K*7 7]+ control sample (see Sec. [VT). In

the fit to data, we also float f7, the yields N/, Ngé%? * and N;%a;?lcss * and the parameters
of the shape of the continuum model. The remaining ylelds 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 AE, M, My, H,, Hy and Fg/p are shown in Fig. @l Although a clear four-
pion final state peak can be seen in the AFE distribution, the strongly signal-enhanced plots
still demonstrate the dominance of the background, especially continuum, in the projection
onto Fg/p. The obtained branching fractions, their corresponding yield and upper limits at
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TABLE V: Summary of yields fixed relative to other yields free in the fit for the two detector
configurations. The mis-reconstructed yield is fixed relative to the signal yield; charmed and
charmless BT B~ background yields are fixed relative to their respective B B° background yields.
The central values are obtained from MC simulation; the errors are statistical.

Component Yield SVD1 Yield SVD2
Nipie (0.09 + 0.0006) N§YP* (0.09 + 0.0006) N§Y 2
N (1.40 £ 0.07) N oSV (1.42 £ 0.04) Ny SV
NG Eamesss (0,83 £ 0.08) N o et >SVPL (0,86 4 0.04) Nppotess VD2

TABLE VI: Branching fractions B with their corresponding yield, upper limits (UL) at 90% confi-
dence level and the significances (S) as described in Sect. [Vl for modes with a positive yield from
the fit to data. Furthermore, the longitudinal polarization fraction fr, of BY — p%p0 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 (1079) Yield fr UL (107%) S (o)
BY — p0p° 1.02+0.304+0.15 166+49 0211035 £0.15 n.a. 3.4
B - rtr-atr 358700 4£210 —25+54 na. 11.2 n.a.
BY — Oty 1701320 +5.11 33482  na. 12.0 n.a.
B — fortm ~1.34712£080 —27+44 na. 3.0 n.a.
B — fop° 0.784+0.224+0.11 125+41 n.a. n.a. 3.1
B = fofo —0.031009 £0.03 —-5+17 na. 0.2 n.a.

90% confidence level are given in Table [VI] together with f; of B® — p°p°. The statistical
correlation coefficients between the observables are given in Table [VIIl
[gnoring uncertainties and interference effects for the moment, the relative contributions
of the components modeled in this analysis are found to be 0.1% B® — p°0° 0.1% B® — fop°,
92.8% continuum, 6.7% BB background and 0.3% for the remaining four-pion final states.
We evaluate the statistical significance Sy of the result by taking the ratio of the likelihood
of the nominal fit (L.x) and of the fit with the signal yield fixed to zero (Ly);

Ly
=4/—21 . 1
S() n <£max> ( O)

The statistical significances of the B® — p°p° and B° — fyp° yields are found to be 4.60
and 3.60, respectively. In addition, we perform a likelihood scan for each measured four-
pion final state as well as fr, where no exceptional behavior is found. Likelihood scans
of B(B® — p°°), fr and B(B° — fop°), where the likelihoods are convolved with the
a Gaussian whose width is set to the corresponding systematic uncertainty, are shown in
Fig. B the one-dimensional scans are used to obtain a total significance of 3.40 and 3.1 for
B(B® — p°p%) and B(B® — fyp°), respectively.
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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 B® — p%p" and the (orange)
long dashed curves the BY — fop” contribution. The bright-shaded (cyan) areas show all four-
pion final states, the (dark green) dashed curves show the non-peaking BB contribution and the
(bright green) dash-dotted curves show the total non-peaking background. Panel (a) shows the AE
projection in the Fg/p > 0.5 region; (d) shows the Fg,p projection in the [AE| < 0.02 GeV region.
Here, the (dark red) dash double-dotted curve shows only the continuum background contribution.
Panels (b,c) show the m .+, projections and (e,f) the cos @y projections in the Fg/p > 0.5 and
|AE| < 0.02 GeV region. The residuals are plotted below each distribution.

TABLE VII: Statistical correlations between the observables.
BB — X) p°%° fr atnmrtam pOntaT fortmm fofo for®

p0p° 1 045 —0.03 —0.34 0.04 0.02  —0.02
fr 1 0.06 0.00 0.03 0.0l  —0.08
atn rta 1 —0.35 —0.23  —0.04 0.00
POt~ 1 —0.07 0.02 —0.24
fortn~ 1 —0.36  —0.20
Jofo 1 0.07
fop" 1
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FIG. 5: (color online) Top: Likelihood scans of B(BY — p°p°), fr and B(B® — fop°) convolved
with the corresponding systematic uncertainty. Bottom: 2D likelihood scans of B(B? — p%p%)
versus fr, (left and middle) and versus B® — fop" (right). The statistical likelihood scan of
B(B? — ppY) versus fr, (left) demonstrates the expected insensitivity of the likelihood to f;, for
B(B? — pp") = 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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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 B® — p%p°,
B — pOntr- B0 — rtr rtr=, B — fofo and B® — fortr—. For B® — fop°, the
fitter exhibits a small bias; this is descrlbed in Sec. [VIIl In order to determine the data-
to-simulation correction factors (see Sec. [Vl), we have performed a more limited fit to a
control sample of B — D=7+, D~ — KTn~ 7~ decays, which are topologically similar to
BY — p%". This fit uses only observables AE and Fg/p for each r-bin. The result is
B(B® — D=n") = (2.626 £ 0.015 (stat)) x 1073, which is in good agreement with the world
average value of (2.68 4 0.13) x 1073 Eﬁ] 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 B —
atr-ata™, fortw™, and fyfy, whose yields in the nominal fit are negative, consistent with
Zero. Separately, we furthermore remove BY — p%7 7=, The fit result remains stable in both
scenarios. Since the branching fraction of BY — fyp° is larger than indicated by the previous
measurement, we investigate the impact on BY — p°p" when setting B(B° — fop") = 0 and
vice versa. We obtain consistent results,: B® — p%p°| 0—9 = (1.01 £ 0.31 (stat)) x 1076
with f7]p0-0 = 0.26 £0.21 (stat) and BY — fop°| 000 = (0.73 +0.21 (stat)) x 1075, In
order to visualize each mode separately, the nominal fit projections into the p°p® and pf
windows are shown in Fig. [6, where in both AFE distributions a signal peak is visible, while
the excess in the center region of the helicity angle distributions in the p°p" window indicates
the preferred transverse polarization.

Next, we refit the data while fixing f, to either 0 or 1. We obtain B(B" — p°p");,—¢ =
(0.79£0.22 (stat)) x 1079 and B(B® — p°p°);,—1 = (0.224+0.24 (stat)) x 107%, 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
p° contribution. We demonstrate their importance by removing the helicity angles from
the fit where we obtain B(B® — p°0°) = 0.375:33 (stat) x 1075 and B(B® — fyp°) =
(0.29 £ 0.28 (stat)) x 1075, while we see an excess (< 20) in the modes B® — 7wF 7 77~
and BY — p%7T7~. This is consistent with the previous analysis from Belle ﬂﬁ]

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 B® — p°p° and Table [X]
for the remaining four-pion modes. This includes the uncertainty on the number of produced
BB 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 p° shape is determined by varying the fixed mass and width
within its world average uncertainty NE] We account for a difference in the fraction of mis-
reconstructed 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 B® — p°p°.
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FIG. 6: (color online) Projections of the fit to the data into a p°p? window 0.60 GeV/c? <
Myt < 0.88 GeV/c?(upper row) and a fop? window 0.6 GeV/c? < M, < 0.88 GeV/c? and
0.88 GeV/c? < M; < 1.08 GeV /c?(lower row). The points represent the data and the solid curves
represent the fit result. The shaded (red) areas show the B® — pYp% and the (orange) long dashed
curves the BY — fyp" contribution. The bright shaded (cyan) areas show all four-pion final states,
the (dark green) dashed curves show the non-peaking BB contribution and the (bright green) dash-
dotted curves show the total non-peaking background. Panels (a) and (d) show the projection into
AFE for Fg/p > 0.5 and (b,c) and (e,f) show into cos 0y for Fg/p > 0.5 and |AE| < 0.02 GeV.
The residuals are plotted below each distribution.

Variations in the parametric model shape due to limited statistics are accounted for
by varying each parameter within its error. Uncertainties in the non-parametric shapes
are obtained either by varying the contents of the histogram bins within 1o (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 —(+4) lo in the center and +(—) lo in the corners and
extrapolate the variation in between. For each background component, we generate two
sets of pseudo-experiments according to our fit result; one for each modification of the
helicity PDFs (longitudinal- or transverse-like). We neglect the non-significant modes in
this study, except for B® — p%7F7~, whose yield is free; the variation of the B® — pVw 7~
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 (M. < 5.25 GeV/c? and AE > 0.025 GeV) in order to correct
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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 (M. < 5.25 GeV/c? and |AE| < 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 B® — aim¥
and B® — b7 T are estimated by varying the branching fraction by its world average error
and repeating the fit. Since only an upper limit is known for B® — a7 T, 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
imperfection in the modeling of all the correlations, we find a non-negligible bias of +16%
for the mode B® — fop". We subtract 16% from the fit result and assign a 2.2% uncertainty,
determined from a variation of the generated B® — fyp° yield within +1c. 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 B — p°7t 7~ helicity PDF with one where the p° is either longitudinally or transversely
polarized to generate MC sets according to the fit result. Modes in agreement with zero
events except BY — p’rFm 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 BY — pY7 7~ helicity dependency.

Finally, the uncertainty from neglecting interference between the four-pion final states
is estimated by constructing 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 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 B® — p%p% a7, fop® and p°wm (where, for
0%, we set fr = 0.21). We find that interference with a;7 gives the largest uncertainty in
all cases.

Due to the combination of a broad (non-resonant pion pair) part together with a p°
contribution, the mode B° — p7+7~ can absorb changes in model more easily; therefore
this mode has a relatively large statistical and systematical uncertainty.

VIII. ¢, CONSTRAINT

We use the branching fraction and the longitudinally polarized fraction of B® — p°p°
decays from our result; fr,xB(B® — p°p°) = (0.21£0.34) x 1075 to obtain a new constraint on
the CKM angle ¢, through an isospin analysis ﬂﬂ] in the B — pp system. Because of Bose-
Einstein statistics, the two ps can only carry a total isospin of I = 0 or I = 2 while the strong
loop contributions can only result in I = 0; the gluon does not carry isospin. Neglecting
electroweak contributions or isospin breaking effects, the complex B — pp amplitudes can
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TABLE VIII: Systematic uncertainties of the branching fraction of B® — p°p° and fr.

Category SB(BY — p°p°) (%) Sfr
SN(BB) 1.4 n.a.
Tracking 1.4 n.a.
Particle identification 2.5 n.a.
Mis-reconstruction fraction 2.4 0.03
Resonance shape 0.2 < 0.001
Model shape 5.1 0.11
Histogram shape 8.5 0.08
B(B° — ai7) 0.4 0.03
B(B° — by) <0.1 < 0.001
B(B° — agm) <0.1 < 0.001
Fit bias 1.9 0.03
P77 helicity 6.3 0.05
Interference 8.4 0.03
Total 15.1 0.15

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

Category 4 POnta~ fortm™ fofo for®

SN (BB) 1.4 1.4 1.4 1.4 1.4
Tracking 14 14 14 1.4 14
Particle identification 2.5 2.5 2.5 2.5 2.5
Mis-reconstruction fraction 2.4 2.4 2.4 2.4 2.4
Resonance shape n.a. n.a. n.a. n.a. <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
B(B® — aym) 10.3 129.5 3.1 4.7 3.4
B(B® — by) <1 1.6 <1 <1 <1
B(B° — aym) <1 2.7 <1 <1 <1

Fit bias 18.6 10.3 7.4 100.1 2.2

pOr7 helicity 26.8 23.3 17.6 14.1 4.5
Interference n.a. 93.2 n.a. n.a. 6.8
Total 58.7 300.3 59.5 112.1 13.7

be related via ) )
_A+— + AOO — A+0’ _A-ﬁ-— + AOO — A—O’ 11
7 7 (11)

where the amplitudes with b — @ (b — u) transitions are denoted as A” (AY) and the

superscript identifies the charges of the p mesons. These relations can be visualized as

two triangles in the complex plane. Isospin arguments show that the charged B decay
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TABLE X: Systematic uncertainties arising from the three alternative studies of the variation of the
non-parametric 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 B(B" — p°p”) 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 BB components give the dominant contribution to
the uncertainty of fr, in all cases.

Variation Bin-wise Bending ¢g sideband BB sideband
SB(B° — p°p%) (%) 4.1 7.0 5.8 0.4
ofr 0.03 0.08 0.05 0.07
SB(B® — fop°) (%) 5.9 3.4 2.6 3.8

B* — p*p° arises only at tree level. Consequently, the two isospin triangles share the
same base: AT? = A0 The difference between the two isospin triangles corresponds to
the shift A¢s due to additional contributions. This method has a 8-fold ambiguity in the
determination of ¢, that arises from the four possible orientations of the two triangles and
from measuring sin(¢St). The amplitudes are constructed from branching fractions and
direct C'P asymmetries Agp and then used to obtain the possible pollution in the mixing
induced CP asymmetry Scp = /1 — A2 sin(2¢5T), obtained from BY — p*p~ decays.
For the remaining sides of the triangles, we use Belle results: the longitudinally polarized
fraction of B(B® — p @ (22.8£4.6) x 107% with f;/~ =0.9440.05, A5p = 0.16 £0.22,
Sip = 0.19 ﬂ: 0.31 ﬂﬁ and the longltudmally polarized fraction of B(B* — p=p°) =
(31.7 + 8.8) x 107° with f+0 = 0.95+ 0.11 [43]. Figure [0 shows the two solutions for ¢,
from a probability scan. The solution that is consistent with the SM is ¢y = (84.9 & 13.5)°.
The size of the penguin contributions is small: A¢s = (0.0 £ 10.4)°. Because of the very
small B — p°° branching fraction relative to the other two B — pp 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 — 7 system, where the decay
into two neutral pions is significant stronger @ |ﬁ| @ @ |, resulting in eight solutions for

-

IX. RESULT DISCUSSION

Including the helicity angles in the fit is the main difference with the previous Belle anal-
ysis, 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-
tion [VI)). The stability of the fit result within the model shape studies (see Section [VII])
demonstrates the use of an appropriate helicity description. Further differences include an
improved tagging algorithm for the SVD2 data sample, the usage of My, as a B meson selec-
tion criteria instead of the vertex fit quality (so that this measurement could be superseded
by a time-dependend measurement; consequently, M. could not be used as a fit variable
here, as mentioned in Sec. [TI) and the replacement of a event-shape topology-dependent
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FIG. 7: 1—CL versus ¢2 obtained from an isospin analysis from B — pp decays. The horizontal
line shows the 68% CL.

selection criteria with the inclusion of Fg/p into the fit. The latter increases the amount
of continuum background significantly more than BB mesons decay contributions; to com-
pensate, reduced M;, M, window has been chosen to reduce the overall background while
leaving the signal detection quality unchanged, as demonstrated with a MC study. More-
over, an optimization of the selection criteria, but especially the inclusion of Fg, g, results in
an increase of the reconstruction efficiency by 107%, according to MC simulation. For the
comparison, we assume the same f; as obtained from this measurement for the total recon-
struction efficiency of the previous analysis, since the efficiency for transversely polarized
pUs is higher due to a different momentum spectrum of the daughter pions.

X. CONCLUSION

We have presented a measurement of the branching fraction of B® — p°p° decays and
the fraction of longitudinally polarized p mesons in this decay, together with other four-pion
final states using the final Belle data set of 772 x 105 BB pairs.

We find a branching fraction of B(B® — p°p%) = (1.02 4 0.30 (stat) 4 0.15 (syst)) x 1076
with a significance of 3.4 standard deviations and a longitudinally polarization fraction
fr = 0.217025 (stat) 4= 0.15 (syst). Since the longitudinally polarization fraction is found
to be small, no measurement of the C'P asymmetries is performed. However, we use the
result of longitudinally polarized p mesons in B — p°p° decays to constrain the CKM angle
¢o = (84.9 £ 13.5)° with an isospin analysis in the B — pp system.

Furthermore, we find 125+41 B® — fop° events, corresponding to B(B® — fop®)xB(fo —
7tr) = (0.78 4 0.22 (stat) + 0.11 (syst)) x 107%, with a significance of 3.1 standard devia-
tions. With a significant yield of B — fp" decays, a measurement of the C P asymmetries
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, B(B® — nta ~777n~) < 11.2 x 1075,
B(B® — p’rtr7) < 12.0 x 1075, B(B® — fortn) x B(fy — 777n7) < 3.0 x 107¢ and
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B(BO — f(]fo) X B(fo — 7T+7T_)2 < 0.2 x 1075,

The previous Belle analysis set an upper limit on the branching fraction of B® — p°p°
decays; B(B® — p°p") < 1.0 x 1075 at 90% confidence level (CL), using a sample con-
taining 657 x 10 BB pairs and assuming pure longitudinal polarization. E} The BaBar
collaboration has performed a study of B® — pp" decays with 465 x 105 BB pairs and
found a branching fraction B(B® — p%p%) = (0.92 4 0.32 (stat) 4= 0.14 (syst)) x 107% and
a longitudinal polarization fraction of f; = 0.75701} (stat) £ 0.04 (syst) Nﬁ] Thus the
resulting B® — p°p® 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 B — p°p" decays is somewhat lower than previously measured
(differing from the BaBar result by 2.10) and the branching fraction of B® — fop° decays
is significantly higher than indicated by previous measurements. For the modes where an
upper limit is obtained, we have improved values for B® — n#*r~ 777~ and B® — forTn~
compared to the current available limits @]

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 experi-
ments @, @], e.g, by performing a four-body Dalitz analysis.
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