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Introduction

• B decays into two light charmless mesons
→ can be used to constrain the unitarity triangle
→ partially very sensitive to new physics, e.g. loop-dominated decays

• Physics accessed through
→ branching fractions
→ (time-dependent) CP asymmetries
→ polarization fractions (B→ VV )
→ isospin analysis, e.g. φ2(α) from B→ hh with h = π, ρ
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Outline

1 Belle II and LHCb upgrade

2 b→ sqq transitions
Precise measurement of sin 2φ1 in b→ ccs transitions
φ1 in B→ PP and B→ PV decays
B→ VV decays

3 b→ dqq transitions

4 b→ uud transitions
B→ ππ isospin analysis
B→ ρρ isospin analysis
Combined result for φ2
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The Belle II experiment

• Belle II is the successor of the Belle experiment at the assymetric-energy
e+e− KEKB collider, Japan

• Belle has the world record instantaneous peak luminosity of
2.1× 1034 cm−2s−1

• Total luminosity of 0.7 ab−1 collected at the Υ(4S) resonance at Belle
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The Belle II experiment

• Belle II includes accelerator and detector upgrades

• 40 times the instant luminosity of Belle
50 times the integrated luminosity

• Accelerator based on the nano-beam technology

• LER-HER energies changed from 3.5− 8 GeV to 4− 7 GeV to reduce
Touschek effect and improve the emittance

• Boost reduced from 0.425 to 0.28 ⇒ B meson decay-time resolution worse

• New pixel vertex detector closer to the interaction point to compensate for
this effect, improves vertex resolution by ≈ a factor of two

• Larger central drift chamber with smaller cells improves ~p resolution

• ARICH and iTOP detectors for particle identification with higher
performance and very fast read-out electronics

• New data aquisition system working at a much higher rate
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The LHCb upgrade

• LHCb is a forward spectrometer with
acceptance 2 ≤ η ≤ 5

• Operates at a fixed instantaneous
luminosity of 4× 1032 cm−2s−1

• Luminosity to be increased to
2× 1033 cm−2s−1

Period Energy Int. lumi

Run I 2011-2012 7−8 TeV ∼ 3 fb−1

Run II 2015-2018 14 TeV ≥ 5fb−1

Upgrade ca. 10 y 14 TeV ≥ 50 fb−1
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The LHCb upgrade

• Detector and trigger will be upgraded to be able to
fully exploit the available luminosity

• Current Level-0 trigger will not be able to cope with
the higher output rate
→ to be replaced by a software trigger with a faster
readout and a better (hadron) reconstruction efficiency

• Current subdetectors cannot handle the high
occupancy and some of them also the radiation
→ new Vertex Locator with improved acceptance,
better impact parameter resolution, can withstand the
high radiation
→ improved tracker and PID system (RICH,
calorimeters, muon system)

• To be installed by 2018-2019

————
Upgrade trigger
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Precise measurement of sin 2φ1 in b → cc s transitions

Precise measurement of sin 2φ1 in b → ccs transitions

φ1(β) is the most precisely measured angle of the unitarity triangle

Current average: φ1 = (22.6± 0.4)◦ (CKMfitter)

sin 2φ1

BaBar 0.4 ab−1 0.687± 0.028(stat)± 0.012(syst) PRD 79 072009 (2009)

Belle 0.7 ab−1 0.667± 0.023(stat)± 0.012(syst) PRL 108 171802 (2012)

LHCb 3 fb−1 0.731± 0.035(stat)± 0.020(syst) PRL 115 031601 (2015)

ALEPH 0.84+0.82
−1.04(stat)± 0.16(syst) PL B492 259-274(2000)

CDF (full Run I) 0.79+0.41
−0.44(stat+syst) PRL 61 072005 (2000)

OPAL 3.2+1.8
−2.0(stat)± 0.5(syst) EPJ C5 379-388 (1998)

Current average 0.710± 0.011 CKMfitter
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Precise measurement of sin 2φ1 in b → cc s transitions

sin 2φ1 in b → ccs transitions

5

as in our previous analyses [7, 12].
We determine the following likelihood for the i-th

event:

Pi = (1−fol)
∑

k

fk

∫
[Pk(∆t′)Rk(∆ti − ∆t′)] d(∆t′)

+folPol(∆ti), (2)

where the index k labels each signal or background com-
ponent. The fraction fk depends on the r region and
is calculated on an event-by-event basis as a function
of ∆E and Mbc for the CP -odd modes and p∗B for the
CP -even mode. The term Pol(∆t) is a broad Gaussian
function that represents an outlier component fol, which
has a fractional normalization of order 0.5% [17]. The
only free parameters in the fits are Sf and Af , which
are determined by maximizing the likelihood function
L =

∏
i Pi(∆ti;Sf ,Af ). This likelihood is maximized

for each fCP mode individually, as well as for all modes
combined taking into account their CP -eigenstate val-
ues; the results are shown in Table II. Figure 2 shows the
∆t distributions and asymmetries for good tag quality
(r > 0.5) events. We define the background-subtracted
asymmetry in each ∆t bin by (N+ − N−)/(N+ + N−),
where N+(N−) is the signal yield with q = +1(−1).

TABLE II: CP violation parameters for each B0 → fCP mode
and from the simultaneous fit for all modes together. The first
and second errors are statistical and systematic uncertainties,
respectively.

Decay mode sin 2φ1 ≡ −ξfSf Af

J/ψK0
S +0.670± 0.029 ± 0.013 −0.015 ± 0.021+0.045

−0.023

ψ(2S)K0
S +0.738± 0.079 ± 0.036 +0.104 ± 0.055+0.047

−0.027

χc1K
0
S +0.640± 0.117 ± 0.040 −0.017 ± 0.083+0.046

−0.026

J/ψK0
L +0.642± 0.047 ± 0.021 +0.019 ± 0.026+0.017

−0.041

All modes +0.667± 0.023 ± 0.012 +0.006 ± 0.016 ± 0.012

Uncertainties originating from the vertex reconstruc-
tion algorithm are a significant part of the systematic
error for both sin 2φ1 and Af . These uncertainties are
reduced by almost a factor of two compared to the previ-
ous analysis [7] by using h for the vertex-reconstruction
goodness-of-fit parameter, as described above. In partic-
ular, the effect of the vertex quality cut is estimated by
changing the requirement to either h < 25 or h < 100; the
systematic error due to the IP constraint in the vertex re-
construction is estimated by varying the IP profile size in
the plane perpendicular to the z-axis; the effect of the cri-
terion for the selection of tracks used in the ftag vertex is
estimated by changing the requirement on the distance of
closest approach with respect to the reconstructed vertex
by ±100 µm from the nominal maximum value of 500 µm.
Systematic errors due to imperfect SVD alignment are es-
timated from MC samples that have artificial misalign-
ment effects. Small biases in the ∆z measurement are
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FIG. 2: (color online) The background-subtracted ∆t distri-
bution (top) for q = +1 (red) and q = −1 (blue) events and
asymmetry (bottom) for good tag quality (r > 0.5) events
for all CP -odd modes combined (left) and the CP -even mode
(right).

TABLE III: Systematic errors in Sf and Af in each fCP mode
and for the sum of all modes.

J/ψK0
S ψ(2S)K0

S χc1K
0
S J/ψK0

L All

Vertexing Sf ±0.008 ±0.031 ±0.025 ±0.011 ±0.007

Af ±0.022 ±0.026 ±0.021 ±0.015 ±0.007

∆t Sf ±0.007 ±0.007 ±0.005 ±0.007 ±0.007

resolution Af ±0.004 ±0.003 ±0.004 ±0.003 ±0.001

Tag-side Sf ±0.002 ±0.002 ±0.002 ±0.001 ±0.001

interference Af
+0.038
−0.000

+0.038
−0.000

+0.038
−0.000

+0.000
−0.037 ±0.008

Flavor Sf ±0.003 ±0.003 ±0.004 ±0.003 ±0.004

tagging Af ±0.003 ±0.003 ±0.003 ±0.003 ±0.003

Possible Sf ±0.004 ±0.004 ±0.004 ±0.004 ±0.004

fit bias Af ±0.005 ±0.005 ±0.005 ±0.005 ±0.005

Signal Sf ±0.004 ±0.016 < 0.001 ±0.016 ±0.004

fraction Af ±0.002 ±0.006 < 0.001 ±0.006 ±0.002

Background Sf < 0.001 ±0.002 ±0.030 ±0.002 ±0.001

∆t PDFs Af < 0.001 < 0.001 ±0.014 < 0.001 < 0.001

Physics Sf ±0.001 ±0.001 ±0.001 ±0.001 ±0.001

parameters Af < 0.001 < 0.001 ±0.001 < 0.001 < 0.001

Total Sf ±0.013 ±0.036 ±0.040 ±0.021 ±0.012

Af
+0.045
−0.023

+0.047
−0.027

+0.046
−0.026

+0.017
−0.041 ±0.012

observed in e+e− → µ+µ− and other control samples: to
account for these, a special correction function is applied
and the variation with respect to the nominal results is
included as a systematic error. We also vary the |∆t|
range by ±30 ps to estimate the systematic uncertainty
due to the |∆t| fit range. The vertex resolution function

The PDF of true decay times t0 is given by

Pðt0; dOS; dSSπjηOS; ηSSπÞ

¼
X

d0

�Y

j

ζðdj; ηj; d0Þ
�
ð1 − d0APÞe−t0=τ

× f1 − d0S sinðΔmt0Þ þ d0C cosðΔmt0Þg; ð2Þ

where the tag decision d takes the value þ1 (−1) for a
tagged B0 (B̄0) candidate and d0 takes the valueþ1 (−1) for
the B0 (B̄0) component of the signal distribution, τ is the B0

meson lifetime, and

ζðdj; ηj; d0Þ ¼ 1þ dj

�
1− 2

�
ωðηjÞ þ d0

ΔωðηjÞ
2

��
ð3Þ

represents the calibration of the tagging response from the
tagging algorithm j ¼ fOS; SSπg. The production asym-
metry AP ≡ ½σðB̄0Þ − σðB0Þ�=½σðB̄0Þ þ σðB0Þ�, where σ
denotes the production cross section inside the LHCb
acceptance, is obtained using a measurement in 7 TeV
pp collisions [31]. Considering differences between the 7
and 8 TeV data-taking conditions, the production
asymmetries are determined as A7 TeV

P ¼ −0.0108�
0.0052ðstatÞ � 0.0014ðsystÞ and A8 TeV

P ¼ A7 TeV
P þ ΔAP

with ΔAP ¼ 0.0004� 0.0018ðsystÞ [32]. The background
decay-time distribution is parametrized by a sum of
exponential functions, convolved with the resolution model
used for the signal. This parametrization does not depend
on the tag decision and mistag probability estimates. The
number of required exponential functions varies across
subsamples. The decay-time distribution and projections of
the PDFs are shown in 1(b). The distributions of the per-
candidate resolution estimate σt and the per-candidate
mistag probabilities, ηOS and ηSSπ , are modeled by empiri-
cal functions. Independent parameterizations are chosen for
the signal and background components.
The likelihood is a function of 83 free parameters,

including S and C, and 48 yield parameters for the signal
and the background components in 24 individual subsam-
ples. Eleven parameters are external inputs, including the
production asymmetry, the flavor tagging calibration
parameters, and the mass difference Δm [17]. These are
constrained in the fit within their statistical uncertainties,
taking their correlations into account. The likelihood fit
yields S ¼ 0.729� 0.035 and C ¼ −0.033� 0.032 with a
correlation coefficient of ρðS; CÞ ¼ 0.483. Figure 2 shows
the decay time–dependent signal-yield asymmetry. An
additional fit with fixed C ¼ 0 yields S ¼ 0.746�
0.030. Corrections of þ0.002 for S and −0.005 for C
are applied to account for CP violation in K0 − K̄0 mixing
and for the difference in the nuclear cross sections in
material between K0 and K̄0 states [34]. The correction is
negligible for the result for S with C ¼ 0.

Various sources of systematic uncertainties on the CP
observables are examined, in particular from mismodeling
PDFs and from systematic uncertainties on the input
parameters. In each study, a large set of pseudoexperiments
is simulated using a PDF modified such as to include the
systematic effect of interest; the relevant distributions from
these pseudoexperiments are then fitted with the nominal
PDF. Significant average deviations of the fit results from
the input values are used as estimates of systematic
uncertainties. The largest systematic uncertainty on S,
�0.018, accounts for possible tag asymmetries in the
background; for C the largest uncertainty, �0.0034, results
from the systematic uncertainty on Δm. Systematic uncer-
tainties on the flavor tagging calibration account for the
second largest systematic uncertainty on S, �0.006, and on
C, �0.0024. The third largest uncertainty on S, �0.005,
arises from assuming ΔΓ ¼ 0 and is evaluated by generat-
ing pseudoexperiments with ΔΓ set to the value of its
current uncertainty, 0.007 ps−1 [9], and then neglecting it in
the fit. Remaining uncertainties due to neglecting correla-
tions between the reconstructed mass and decay time of the
candidates, mismodeling of the decay-time resolution and
efficiency, the systematic uncertainty of the production
asymmetry, and the uncertainty on the length scale of the
vertex detector are small and are given in Ref. [28]. Adding
all contributions in quadrature results in total systematic
uncertainties of �0.020 on S and �0.005 on C.
Several consistency checks are performed by splitting

the data set according to different data-taking conditions,
tagging algorithms, and different reconstruction and trigger
requirements. All results show good agreement with the
nominal results.
In conclusion, a measurement of CP violation in the

interference between the direct decay and the decay after
B0-B̄0 oscillation to a J=ψK0

S final state is performed using
41 560 flavor-tagged B0 → J=ψK0

S decays reconstructed
with the LHCb detector in a sample of proton-proton
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FIG. 2 (color online). Time-dependent signal-yield asymmetry
ðNB̄0 − NB0Þ=ðNB̄0 þ NB0Þ. Here, NB0 (NB̄0 ) is the number of
B0 → J=ψK0

S decays with a B0 (B̄0) flavor tag. The data points
are obtained with the sPlot technique [33], assigning signal
weights to the events based on a fit to the reconstructed mass
distribution. The solid curve is the projection of the signal PDF.
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• Most accurately measured in b→ ccs transitions, such as B0 → J/ψK0
S

• Access through SCP = sin 2φ1 (η = ±1 for even/odd final state)
in the time-dependent CP asymmetry of CP final states

aCP (t) =
NB0→J/ψK0

S
− NB0→J/ψK0

S

NB0→J/ψK0
S
− NB0→J/ψK0

S

= ACP cos(∆mt) + ηSCP sin(∆mt)
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sin 2φ1 in b → ccs transitions
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• Relatively large branching fraction – O(10−4)

• Theoretically clean – access through tree process, penguin contribution
very small, | sin 2φeff

1 − sin 2φ1| . 0.01 (arXiv:1212.4789)

...at least until now: Future Belle II and LHCb precision expected to be of
the same order as the pengin pollution

⇒ Penguin needs to be controlled, e.g. with modes such as B0 → J/ψπ0

(PRL 95, 221804 (2005))
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φ1 in B → PP and B → PV decays

sin 2φ1 in b → sqq transitions

0
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• Loop-dominated process, sensitive to contributions from new physics

• Loop sensitive to φ1, just as in b→ ccs

• Access to an “effective” φ1, SCP = sin 2φeff
1 , due to tree contributions

• Deviations of the CP parameters and the branching fractions from the SM
predictions could be a hint at new physics

• Theoretical uncertainties on branching fractions larger, CP parameters
provide a more accurate comparison
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φ1 in B → PP and B → PV decays

sin 2φ1 in b → sqq transitions

• Search for new physics in the channel-dependent observable
∆S = sin 2φeff

1 − sin 2φ1

• Golden modes: B0 → φK0, B0 → η′K0 and B0 → K0
SK0

SK0
S

• (Almost) free from tree contributions

∆S QCDf World average (HFAG)

B0 → φK0 0.022+0.004
−0.002

1 +0.06+0.11
−0.13

B0 → η′K0 0.00± 0.01 2 −0.05± 0.06

B0 → K0
SK0

SK0
S 0.06+0.007

−0.018
3 +0.04± 0.19

• Statistical uncertainties still large to challenge the SM

1PRD 80, 114008 (2009)
2PRD 80, 114008 (2009)
3PRD 72, 094003 (2005)

Veronika Chobanova Experimental overview of hadronic B decays Future Challenges in Non-Leptonic B Decays 15



Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

φ1 in B → PP and B → PV decays

B0 → η′K0

• B0 → η′K0 – relatively high branching fraction, O(10−5)

• Reconstruction of B0 → η′K0
S and B0 → η′K0

L (same |SCP |)
η′→ ρ0[π+π−]γ, η′→ η[γγ, π+π−π0]π+π−

K0
S → π+π−, K0

S → π0π0
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❝❤❛♥❣✐♥❣ t❤❡ r❡q✉✐r❡♠❡♥t ♦♥ t❤❡ ❞✐st❛♥❝❡ ♦❢ ❝❧♦s❡st ❛♣♣r♦❛❝❤ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ r❡❝♦♥✲

str✉❝t❡❞ ✈❡rt❡① ❜② ±100 µ♠ ❢r♦♠ t❤❡ ♥♦♠✐♥❛❧ ♠❛①✐♠✉♠ ✈❛❧✉❡ ♦❢ ✺✵✵ µ♠✳ ❙♠❛❧❧ ❜✐❛s❡s ✐♥

t❤❡ ∆z ♠❡❛s✉r❡♠❡♥t ❛r❡ ♦❜s❡r✈❡❞ ✐♥ e+e− → µ+µ− ❛♥❞ ♦t❤❡r ❝♦♥tr♦❧ s❛♠♣❧❡s✿ t♦ ❛❝❝♦✉♥t

❢♦r t❤❡s❡✱ ❛ s♣❡❝✐❛❧ ❝♦rr❡❝t✐♦♥ ❢✉♥❝t✐♦♥ ✐s ❛♣♣❧✐❡❞ ❛♥❞ t❤❡ ✜t ✐s r❡♣❡❛t❡❞✳ ❚♦ ❡st✐♠❛t❡ t❤❡

✉♥❝❡rt❛✐♥t② ❞✉❡ t♦ t❤❡ |∆t| ✜t r❛♥❣❡✱ ✇❡ ✈❛r② t❤❡ r❡q✉✐r❡♠❡♥t |∆t| < 70 ♣s ❜② ±30 ♣s✳ ❋♦r

t❤❡ s②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t✐❡s ❞✉❡ t♦ ❛♥ ✐♠♣❡r❢❡❝t ❙❱❉ ❛❧✐❣♥♠❡♥t ✇❡ ✉s❡ t❤❡ ✈❛❧✉❡ ❢r♦♠ t❤❡

❇❡❧❧❡ ❧❛t❡st sin 2φ1 ♠❡❛s✉r❡♠❡♥t ❬✷✸❪✱ ❡st✐♠❛t❡❞ ❢r♦♠ ▼❈ s❛♠♣❧❡s ✇✐t❤ ❛rt✐✜❝✐❛❧ ♠✐s❛❧✐❣♥✲

♠❡♥t ❡✛❡❝ts✳ ❚❤❡ ♠❛❥♦r ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ Sη′K0 ✉♥❝❡rt❛✐♥t② ❝♦♠❡s ❢r♦♠ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s

✐♥ t❤❡ ∆t r❡s♦❧✉t✐♦♥ ❢✉♥❝t✐♦♥ ♣❛r❛♠❡t❡rs✳ ❲❡ ✈❛r② ❡❛❝❤ ♦❢ t❤❡ ♣❛r❛♠❡t❡rs ♦❜t❛✐♥❡❞ ❢r♦♠

❞❛t❛ ✭▼❈✮ ❜② ±1σ ✭±2σ✮✱ r❡♣❡❛t t❤❡ ✜t✱ ❛♥❞ ❛❞❞ t❤❡ ✈❛r✐❛t✐♦♥s ✐♥ q✉❛❞r❛t✉r❡✳ ❙✐♠✐❧❛r❧②

✇❡ ❡st✐♠❛t❡ t❤❡ ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ t❤❡ ❡①tr❛❝t❡❞ s✐❣♥❛❧ ❢r❛❝t✐♦♥s✱ t❤❡

❜❛❝❦❣r♦✉♥❞ ∆t ❞✐str✐❜✉t✐♦♥s✱ ❛♥❞ ♣❤②s✐❝s ♣❛r❛♠❡t❡rs τ0B ❛♥❞ ∆md✳ ❙②st❡♠❛t✐❝ ❡rr♦rs ❞✉❡

t♦ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ t❤❡ ✇r♦♥❣✲t❛❣ ❢r❛❝t✐♦♥s ❛r❡ st✉❞✐❡❞ ❜② ✈❛r②✐♥❣ t❤❡ ✇r♦♥❣ t❛❣ ❢r❛❝t✐♦♥

✐♥❞✐✈✐❞✉❛❧❧② ✐♥ ❡❛❝❤ r r❡❣✐♦♥✳ ❆ ♣♦ss✐❜❧❡ ✜t ❜✐❛s ✐s ❡①❛♠✐♥❡❞ ❜② ✜tt✐♥❣ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢

▼❈ ❡✈❡♥ts✳ ❋✐♥❛❧❧② ✇❡ ❡st✐♠❛t❡ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ t❤❡ ❡✛❡❝t ♦❢ t❤❡ t❛❣✲s✐❞❡ ✐♥t❡r❢❡r❡♥❝❡

❬✷✽❪✱ ✇❤✐❝❤ ❜r✐♥❣s ❛ s✐❣♥✐✜❝❛♥t ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ s②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t② ♦❢ Aη′K0 ✳ ■♥t❡r✲

❢❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❈❑▼✲❢❛✈♦r❡❞ ❛♥❞ t❤❡ ❈❑▼✲s✉♣♣r❡ss❡❞ B → D tr❛♥s✐t✐♦♥s ✐♥ t❤❡ ftag
✜♥❛❧ st❛t❡ r❡s✉❧ts ✐♥ ❛ s♠❛❧❧ ❝♦rr❡❝t✐♦♥ t♦ t❤❡ P❉❋ ❢♦r t❤❡ s✐❣♥❛❧ ∆t ❞✐str✐❜✉t✐♦♥✳ ❚❤❡ s✐③❡

♦❢ t❤❡ ❝♦rr❡❝t✐♦♥ ✐s ❡st✐♠❛t❡❞ ✉s✐♥❣ t❤❡ B0 → D∗−l+ν s❛♠♣❧❡✳ ❚❤❡♥ ❛ s❡t ♦❢ ▼❈ ♣s❡✉❞♦✲

❡①♣❡r✐♠❡♥ts ✐s ❣❡♥❡r❛t❡❞ ❛♥❞ ❛♥ ❡♥s❡♠❜❧❡ t❡st ✐s ♣❡r❢♦r♠❡❞ t♦ ♦❜t❛✐♥ ♣♦ss✐❜❧❡ s②st❡♠❛t✐❝

❜✐❛s❡s ✐♥ Sη′K0 ❛♥❞ Aη′K0 ✳

✕ ✶✶ ✕

❢✉♥❝t✐♦♥s ♦❢ p∗
B ❛♥❞ Rs/b ❢♦r t❤❡ ♠♦❞❡s ✇✐t❤ K0

L✳ ❆ P❉❋ ❢♦r ❡❛❝❤ ❜❛❝❦❣r♦✉♥❞ ❝❛t❡❣♦r②✱

Pk
bkg(∆t)✱ ✐s ♠♦❞❡❧❡❞ ❛s t❤❡ s✉♠ ♦❢ ♣r♦♠♣t ✭δ(∆t)✮ ❛♥❞ ❡①♣♦♥❡♥t✐❛❧ ❞❡❝❛② ✭e−|∆t|/τbkg ✱ ✇❤❡r❡

τbkg ✐s t❤❡ ❡✛❡❝t✐✈❡ ❧✐❢❡t✐♠❡ ✐♥ ❜❛❝❦❣r♦✉♥❞ ❡✈❡♥ts✮ ❝♦♠♣♦♥❡♥ts ❛♥❞ ✐s ❝♦♥✈♦❧✉t❡❞ ✇✐t❤ ❛

❜❛❝❦❣r♦✉♥❞ r❡s♦❧✉t✐♦♥ ❢✉♥❝t✐♦♥✱ Rk
bkg✱ ✇❤✐❝❤ ✐s ♠♦❞❡❧❡❞ ❛s t❤❡ s✉♠ ♦❢ t❤r❡❡ ✭t✇♦✮ ●❛✉ss✐❛♥

❢✉♥❝t✐♦♥s ❢♦r t❤❡ ♠♦❞❡s ✇✐t❤ K0
S ✭K0

L✮✳ ❋♦r t❤❡ ♠♦❞❡s ✇✐t❤ K0
S t❤❡ s❤❛♣❡ ♣❛r❛♠❡t❡rs ♦❢

t❤❡ ❝♦♥t✐♥✉✉♠ ❜❛❝❦❣r♦✉♥❞ P❉❋ ❛r❡ ❞❡t❡r♠✐♥❡❞ ❜② ❛ ✜t t♦ t❤❡ ∆t ❞✐str✐❜✉t✐♦♥ ♦❢ ❡✈❡♥ts ✐♥

t❤❡ Mbc −∆E −Rs/b r❡❣✐♦♥ ❝♦♥t❛✐♥✐♥❣ ❛ ✈❡r② s♠❛❧❧ ❢r❛❝t✐♦♥ ✭< 1✪✮ ♦❢ BB̄ ❡✈❡♥ts ✭Mbc <

5.265 ●❡❱/c2,−0.1 ●❡❱ < ∆E < 0.25 ●❡❱,Rs/b < 0.9✮✱ ❛♥❞ ❢♦r t❤❡ BB̄ ❜❛❝❦❣r♦✉♥❞ P❉❋

❜② t❤❡ ✜t t♦ t❤❡ ∆t ❞✐str✐❜✉t✐♦♥ ♦❢ ❡✈❡♥ts ❢r♦♠ t❤❡ ▼❈ s✐♠✉❧❛t✐♦♥✳ ❋♦r t❤❡ ♠♦❞❡s ✇✐t❤ K0
L

t❤❡ ❜❛❝❦❣r♦✉♥❞ P❉❋ s❤❛♣❡ ♣❛r❛♠❡t❡rs ❛r❡ ❞❡t❡r♠✐♥❡❞ ❜② ❛ ✜t t♦ ♦✛✲r❡s♦♥❛♥❝❡ ❞❛t❛ ❢♦r t❤❡

❜❛❝❦❣r♦✉♥❞ ❛r✐s✐♥❣ ❢r♦♠ ❝♦♥t✐♥✉✉♠ ❡✈❡♥ts✱ ✇❤✐❧❡ ❛ ✜t t♦ ❡✈❡♥ts ✐♥ t❤❡ η′ ♠❛ss s✐❞❡✲❜❛♥❞ ✐s

✉s❡❞ ❢♦r t❤❡ ❢❛❦❡ η′ ❜❛❝❦❣r♦✉♥❞ ❝❛t❡❣♦r②✳ ❘❡❧❛t✐✈❡❧② s♠❛❧❧ ❜❛❝❦❣r♦✉♥❞ ❝♦♥tr✐❜✉t✐♦♥s ✭∼ 1%✮

❢r♦♠ B → η′X ❞❡❝❛②s✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ❈P✲✈✐♦❧❛t✐♥❣ B0 → ηK0
S ❞❡❝❛②✱ ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡

❜❛❝❦❣r♦✉♥❞ P❉❋✳ ❚❤❡✐r ❢r❛❝t✐♦♥s ❛♥❞ ∆t P❉❋ ♣❛r❛♠❡t❡rs ❛r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ ❝♦rr❡s♣♦♥❞✐♥❣

❧❛r❣❡ ▼❈ s❛♠♣❧❡s✳

■♥ t❤❡ ✜t ✇❡ ✜① τB0 ❛♥❞ ∆md t♦ t❤❡✐r ✇♦r❧❞ ❛✈❡r❛❣❡ ✈❛❧✉❡s ❬✷✼❪✳ ❚❤❡ ♦♥❧② ❢r❡❡ ♣❛r❛♠❡✲

t❡rs ✐♥ t❤❡ ✜♥❛❧ ✜t ❛r❡ Sη′K0 ❛♥❞ Aη′K0 ✱ ✇❤✐❝❤ ❛r❡ ❞❡t❡r♠✐♥❡❞ ❜② ♠❛①✐♠✐③✐♥❣ t❤❡ ❧✐❦❡❧✐❤♦♦❞

❢✉♥❝t✐♦♥ L =
∏

i Pi(∆t, q;Sη′K0 ,Aη′K0)✱ ✇❤❡r❡ t❤❡ ♣r♦❞✉❝t ❣♦❡s ♦✈❡r ❛❧❧ ❝❛♥❞✐❞❛t❡ ❡✈❡♥ts✳

❲❡ ♠❛①✐♠✐③❡ t❤✐s ❧✐❦❡❧✐❤♦♦❞ ❢♦r t❤❡ ❞❡❝❛② ♠♦❞❡s ✇✐t❤ K0
S ❛♥❞ K0

L ✐♥❞✐✈✐❞✉❛❧❧②✱ ❛s ✇❡❧❧

❛s s✐♠✉❧t❛♥❡♦✉s❧②✱ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡✐r ❞✐✛❡r❡♥t ❈P✲❡✐❣❡♥st❛t❡ ✈❛❧✉❡s✳ ❚❤❡ ✜t r❡s✉❧ts

❛r❡ s❤♦✇♥ ✐♥ t❛❜❧❡ ✸✳ ❲❡ ❞❡✜♥❡ t❤❡ ❜❛❝❦❣r♦✉♥❞✲s✉❜tr❛❝t❡❞ ❛s②♠♠❡tr② ✐♥ ❡❛❝❤ ∆t ❜✐♥

❜② (N+ − N−)/(N+ + N−)✱ ✇❤❡r❡ N+ (N−) ✐s t❤❡ s✐❣♥❛❧ ②✐❡❧❞ ✇✐t❤ q = +1 (−1)✳ ❚❤✐s

❛s②♠♠❡tr② ❛♥❞ t❤❡ ❜❛❝❦❣r♦✉♥❞ s✉❜tr❛❝t❡❞ ∆t ❞✐str✐❜✉t✐♦♥ ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡ ✸✳

❉❡❝❛② ♠♦❞❡ −ξfSf Af

η′K0
S +0.71 ± 0.07 +0.02 ± 0.05

η′K0
L +0.46 ± 0.21 +0.09 ± 0.14

η′K0 +0.68 ± 0.07 ± 0.03 +0.03 ± 0.05 ± 0.04

❚❛❜❧❡ ✸✳ ❘❡s✉❧ts ♦❢ t❤❡ ✜ts t♦ t❤❡ (∆t, q) ❞✐str✐❜✉t✐♦♥s✳ ❋♦r t❤❡ s❡♣❛r❛t❡ ✜ts ♦❢ η′K0
S ❛♥❞ η′K0

L

s✉❜✲s❛♠♣❧❡s ♦♥❧② st❛t✐st✐❝❛❧ ✉♥❝❡rt❛✐♥t✐❡s ❛r❡ ❣✐✈❡♥✱ ✇❤✐❧❡ ❢♦r t❤❡ ❝♦♠❜✐♥❡❞ ✜t t❤❡ ✜rst ✉♥❝❡rt❛✐♥t②

❣✐✈❡♥ ✐s st❛t✐st✐❝❛❧ ❛♥❞ t❤❡ s❡❝♦♥❞ ✐s s②st❡♠❛t✐❝ ✭s❡❡ s❡❝t✐♦♥ ✹✳✶✮✳

✹✳✶ ❙②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t②

❚❤❡ ✈❛r✐♦✉s s②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t✐❡s ❝♦♥s✐❞❡r❡❞ ❛r❡ ❧✐st❡❞ ✐♥ t❛❜❧❡ ✹✱ ✇❤❡r❡ t❤❡ t♦t❛❧ s②s✲

t❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t② ✐s ♦❜t❛✐♥❡❞ ❜② ❛❞❞✐♥❣ ❛❧❧ ❝♦♥tr✐❜✉t✐♦♥s ✐♥ q✉❛❞r❛t✉r❡✳ ❯♥❝❡rt❛✐♥t✐❡s

♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ✈❡rt❡① r❡❝♦♥str✉❝t✐♦♥ ❛❧❣♦r✐t❤♠ ❛r❡ ❛ s✐❣♥✐✜❝❛♥t ♣❛rt ♦❢ t❤❡ s②st❡♠❛t✐❝

✉♥❝❡rt❛✐♥t② ❢♦r ❜♦t❤ Sη′K0 ❛♥❞ Aη′K0 ✳ ❚❤❡② ❛r❡ ❡st✐♠❛t❡❞ ❜② ✈❛r②✐♥❣ s❡✈❡r❛❧ ❛❧❣♦r✐t❤♠

❝♦♥❞✐t✐♦♥s ❛♥❞ r❡♣❡❛t✐♥❣ t❤❡ ✜♥❛❧ ✜t✳ ❚❤❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ r❡s✉❧ts ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ♥♦♠✐✲

♥❛❧ r❡s✉❧t ✐s t❛❦❡♥ ❛s ❛ s②st❡♠❛t✐❝ ✉♥❝❡rt❛✐♥t②✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ❡✛❡❝t ♦❢ t❤❡ ✈❡rt❡① q✉❛❧✐t②

❝r✐t❡r✐❛ ✐s ❡st✐♠❛t❡❞ ❜② ❝❤❛♥❣✐♥❣ t❤❡ r❡q✉✐r❡♠❡♥t h < 50 t♦ ❡✐t❤❡r h < 25 ♦r h < 100✳ ❚❤❡

✕ ✶✵ ✕

Belle, JHEP 1410, 165 (2014)

BaBar, 0.4 ab−1 Belle, 0.7 ab−1 Belle II, 50 ab−1 Theory

PRD 79, 052003 (2009) JHEP 1410 165 (2014) estimate PRD 80, 114008

σ(sin 2φeff
1 ) 0.08 0.08 0.01 0.01
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φ1 in B → PP and B → PV decays

B0 → φK0

• φeff
1 obtained directly from a Dalitz plot fit

• Reconstruction of B0 → φ[K+K−]K0
S[π+π−]

• The current Belle results a four-fold ambiguity

• Taking into account BES results for fX K0
S

contributions, the favoured solution is

φeff
1 = (32.2±9.0(stat)±2.6(syst)±1.4(DP))◦

sin 2φeff
1 = 0.90+0.09

−0.19
FIG. 2: The Dalitz distribution based on our signal model of GEANT-based signal MC (a) with the normal Dalitz parame-
terization, s+ and s−, and (b) with the square Dalitz parameterization, m′ and θ′. The dashed red boxes indicate the regions
where most of the signal components and the background are located.

MC MC

plane make it difficult to use histograms to describe the background. Therefore, we apply the transformation,

ds+ds− → |detJ |dm′dθ′, (7)

where J is the Jacobian of this transformation. The parameters m′ and θ′ are given by the transformation,

m′ ≡ 1

π
arccos

(
2
m0 −mmin

0

mmax
0 −mmin

0

− 1

)
, and (8)

θ′ ≡ 1

π
θ0, (9)

where m0 is K+K− invariant mass, mmax
0 and mmin

0 are kinematic limits of m0, θ0 is the helicity angle, defined as
the angle between the K− and the K0

S in the K+K− rest frame. With this transformation, the Dalitz plot turns into
a “square Dalitz plot” with a smooth density variation. Figure 2 (a) and (b) show the Dalitz distributions based on
our signal model with the usual Dalitz parameterization, s+ and s−, the square Dalitz parameterization, m′ and θ′,
respectively. As can be seen, the highlighted region where most of the signal and background events are located, is
magnified in the square Dalitz parameterization. The square Dalitz plot is described in detail elsewhere [10, 23].
The PDF expected for the signal distribution, Psig, is given by

Psig(m
′, θ′,∆t, q) = ǫ(m′, θ′)|Asig(m

′, θ′,∆t, q)|2 ⊗Rsig, (10)

where

|Asig(m
′, θ′,∆t, q)|2 = |detJ |e

−|∆t|/τB0

4τB0

[
(1 − q∆wl)(|A|2 + |Ā|2) (11)

− q(1 − 2wl)(|A|2 − |Ā|2) cos(∆md∆t)

+ 2q(1 − 2wl)Im(ĀA∗) sin(∆md∆t)
]
,

which accounts for CP dilution from the incorrect flavor tagging. This function is convolved with the ∆t resolution
function Rsig [7]; the impact of detector resolution on the Dalitz plot is ignored because the intrinsic widths of the
dominant resonances are larger than the mass resolution. We determine the variations of the signal detection efficiency
across the Dalitz plane due to detector acceptance, ǫ(m′, θ′), by using a large MC sample.
The PDF for continuum background is

Pqq̄(m
′, θ′,∆t, q) =

1 + qAqq̄(θ
′)

2
Hqq̄(m

′, θ′)Pqq̄(∆t), (12)

s± = (pK± + pK0
S
)2

Belle

PRD 82, 073011

BaBar, 0.4 ab−1 Belle, 0.6 ab−1 Belle II, 50 ab−1 LHCb, 50 fb−1 Theory

PRD 79, 052003 PRD 82, 073011 estimate estimate PRD 80, 114008

σ(φeff
1 ) 6.3◦ 9.5◦ 0.4◦ 0.6◦ 0.06◦

σ(sin 2φeff
1 ) 0.18 0.19 0.02 0.05 0.002− 0.004

Veronika Chobanova Experimental overview of hadronic B decays Future Challenges in Non-Leptonic B Decays 17



Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

φ1 in B → PP and B → PV decays

∆S at Belle II

∆S ≡ SCP (b→ sqq)− SCP (B→ J/ψK0
S)

Belle II will be sensitive to a deviation as small as ∆S ∼ 0.1

Refined analysis techniques and reduced systematic uncertainties could
further improve the sensitivity
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φ1 in B → PP and B → PV decays

Other b → sqq

• Also other interesting modes, such as
π+π−K0

S (f0K0
S, ρ0K0

S, multi-body decay) – allow for direct φeff
1

measurement
π0K0 – a part of the “K-π puzzle”
ωK0

S

• B and ACP can provide additional information about NP contributions
• B and ACP of charged modes such as B+ → η(′)K+, B+ → ωK+ as well
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B → VV decays

Outline

1 Belle II and LHCb upgrade

2 b→ sqq transitions
Precise measurement of sin 2φ1 in b→ ccs transitions
φ1 in B→ PP and B→ PV decays
B→ VV decays

3 b→ dqq transitions

4 b→ uud transitions
B→ ππ isospin analysis
B→ ρρ isospin analysis
Combined result for φ2
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B → VV decays

Bud → VV

violation. Previous studies by Belle [4] and BABAR [5]
in B0 ! �K�ð892Þ0 did not find any evidence for CP
violation. On the other hand, the longitudinal polarization
fractions fL ¼ 0:45 � 0:05 � 0:02 (Belle) and fL ¼
0:494� 0:034� 0:013 (BABAR) in this decay were found
to deviate from a naive expectation based on the factoriza-
tion approach [6], which predicts a longitudinal polariza-
tion fraction close to unity. In contrast, BABAR measured
the longitudinal polarization fraction in B0 ! �K�

2ð1430Þ0
to be fL ¼ 0:901þ0:046

�0:058 � 0:037 [5], consistent with the

factorization prediction.
In this paper, we present an improved analysis of the

B0 ! �K� [7] system using the full Belle data sample
collected at the �ð4SÞ resonance. We perform a partial
wave analysis to distinguish among the different K�
states. Overall, 26 parameters related to branching frac-
tions, polarization, interference effects and CP violation
are measured.

The measurement of polarization in flavor specific
B0 ! �K� decays can be used further to distinguish
between CP-even and -odd fractions in the decay
B0= �B0 ! �K0

S�
0. This decay channel can also be used

for a time-dependent measurement of the angle �1 ¼
arg ð�VcdV

�
cb=VtdV

�
tbÞ [8] of the CKM unitarity triangle

in b ! ðs�sÞs transitions.

II. ANALYSIS STRATEGY

We perform a partial wave analysis of the B0 ! �K�
system with� ! KþK� and K� ! Kþ��. We use the K�
notation to indicate all possible contributions from scalar
(S-wave, spin J ¼ 0), vector (P-wave, J ¼ 1) and tensor
(D-wave, J ¼ 2) components from ðK�Þ�0, K�ð892Þ0 and

K�
2ð1430Þ0, respectively. We assume no further resonant

contributions. The analysis region is limited to a Kþ��
invariant mass below 1.55 GeV, as the LASS model [9],
used to parametrize the S-wave contribution, is not valid
above this value. Furthermore, no significant contribution
from K� states beyond 1.55 GeV is observed [10]. We
use mass and angular distributions to distinguish among
the three contributing channels B0 ! �ðK�Þ�0, B0 !
�K�ð892Þ0, and B0 ! �K�

2ð1430Þ0, and to determine the
polarization in vector-vector and vector-tensor decays,
as well as a number of parameters related to CP violation.

We also determine the branching fraction for each of the
three channels.
We first explain the parametrization of the angular

distribution, which is followed by a description of the
Kþ�� invariant-mass distribution. Finally, we derive
the combined model of mass and angular distributions
of partial waves used for the parameter extraction in a
maximum likelihood fit.

A. Angular distribution

The angular distribution in the B0 ! �K� system with
� ! KþK� and K� ! Kþ�� is described by the three
helicity angles �1, �2, and �, which are defined in the rest
frame of the parent particles as illustrated in Fig. 2.
In general, due to the angular momentum conservation,

the partial decay width for a two-body decay of a
pseudoscalar B meson into particles with spins J1 and J2
is given by

d3�

d cos �1d cos �2d�
/
��������X

�

A�Y
�
J1
ð�1;�ÞY��

J2
ð��2; 0Þ

��������2

;

(1)

where Ym
l are the spherical harmonics, the sum is over the

helicity states �, and A� is the complex weight of the
corresponding helicity amplitude. The parameter � takes
all discrete values between �j and þj, with j being the
smaller of the two daughter particle spins J1 and J2. As
the � is a vector meson, J2 ¼ 1 in this analysis, whereas
J1 ¼ 0 for ðK�Þ�0, J1 ¼ 1 for K�ð892Þ0, and J1 ¼ 2 for

K�
2ð1430Þ0. The partial decay width of each partial wave

with spin J � J1 is therefore

d3�

d cos �1d cos �2d�
/
��������X

�

AJ�Y
�
J ð�1;�ÞY��

1 ð��2; 0Þ
��������2

;

(2)

FIG. 2 (color online). Definition of the three helicity angles
given in the rest frame of the parent particles for the B0 ! �K�
decay.

FIG. 1. Penguin diagram of the decay B0 ! �K�.
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0:494� 0:034� 0:013 (BABAR) in this decay were found
to deviate from a naive expectation based on the factoriza-
tion approach [6], which predicts a longitudinal polariza-
tion fraction close to unity. In contrast, BABAR measured
the longitudinal polarization fraction in B0 ! �K�

2ð1430Þ0
to be fL ¼ 0:901þ0:046

�0:058 � 0:037 [5], consistent with the

factorization prediction.
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B0 ! �K� [7] system using the full Belle data sample
collected at the �ð4SÞ resonance. We perform a partial
wave analysis to distinguish among the different K�
states. Overall, 26 parameters related to branching frac-
tions, polarization, interference effects and CP violation
are measured.

The measurement of polarization in flavor specific
B0 ! �K� decays can be used further to distinguish
between CP-even and -odd fractions in the decay
B0= �B0 ! �K0
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0. This decay channel can also be used

for a time-dependent measurement of the angle �1 ¼
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tbÞ [8] of the CKM unitarity triangle

in b ! ðs�sÞs transitions.
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system with� ! KþK� and K� ! Kþ��. We use the K�
notation to indicate all possible contributions from scalar
(S-wave, spin J ¼ 0), vector (P-wave, J ¼ 1) and tensor
(D-wave, J ¼ 2) components from ðK�Þ�0, K�ð892Þ0 and

K�
2ð1430Þ0, respectively. We assume no further resonant

contributions. The analysis region is limited to a Kþ��
invariant mass below 1.55 GeV, as the LASS model [9],
used to parametrize the S-wave contribution, is not valid
above this value. Furthermore, no significant contribution
from K� states beyond 1.55 GeV is observed [10]. We
use mass and angular distributions to distinguish among
the three contributing channels B0 ! �ðK�Þ�0, B0 !
�K�ð892Þ0, and B0 ! �K�

2ð1430Þ0, and to determine the
polarization in vector-vector and vector-tensor decays,
as well as a number of parameters related to CP violation.

We also determine the branching fraction for each of the
three channels.
We first explain the parametrization of the angular

distribution, which is followed by a description of the
Kþ�� invariant-mass distribution. Finally, we derive
the combined model of mass and angular distributions
of partial waves used for the parameter extraction in a
maximum likelihood fit.

A. Angular distribution

The angular distribution in the B0 ! �K� system with
� ! KþK� and K� ! Kþ�� is described by the three
helicity angles �1, �2, and �, which are defined in the rest
frame of the parent particles as illustrated in Fig. 2.
In general, due to the angular momentum conservation,

the partial decay width for a two-body decay of a
pseudoscalar B meson into particles with spins J1 and J2
is given by
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where Ym
l are the spherical harmonics, the sum is over the

helicity states �, and A� is the complex weight of the
corresponding helicity amplitude. The parameter � takes
all discrete values between �j and þj, with j being the
smaller of the two daughter particle spins J1 and J2. As
the � is a vector meson, J2 ¼ 1 in this analysis, whereas
J1 ¼ 0 for ðK�Þ�0, J1 ¼ 1 for K�ð892Þ0, and J1 ¼ 2 for
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2ð1430Þ0. The partial decay width of each partial wave
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FIG. 2 (color online). Definition of the three helicity angles
given in the rest frame of the parent particles for the B0 ! �K�
decay.

FIG. 1. Penguin diagram of the decay B0 ! �K�.
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• Modes: B→ φ[KK]K∗[Kπ], B→ K∗[Kπ]ω[3π], B→ K∗[Kπ]ρ[2π]
• B→ VV decays not CP eigenstates
• For spin 1, three possible polarization amplitudes: A0, A+ and A−
• Usually analysis performed using parity-even and -odd amplitudes,

A‖,⊥ = (A+ ± A−)/
√

2

• Major observables are

B(B→ VV )

fh =
|Ah|2

|A0|2 + |A‖|2 + |A⊥|2
, h = 0, ‖,⊥

aCP =
Γ(B → VV )− Γ(B→ VV )

Γ(B → VV ) + Γ(B→ VV )
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B → VV decays

B0 → φ[K+K−]K∗[K+π−] angular analysis

Extraction of fL in a full amplitude
analysis

• sensitive to A

• considers the contributing waves

• considers interference effects

Sometimes not enough data, only fit
to (a subset of the) angular and/or
mass distributions

• only sensitive to |A|2
• usually a two-body

approximation
Table 2: Parameters measured in the angular analysis. The first and second uncertainties are
statistical and systematic, respectively.

Parameter Definition Fitted value

fL 0.5(|A0|2/FP + |A0|2/FP) 0.497± 0.019± 0.015
f⊥ 0.5(|A⊥|2/FP + |A⊥|2/FP) 0.221± 0.016± 0.013

fS(Kπ) 0.5(|AKπS |2 + |AKπS |2) 0.143± 0.013± 0.012

fS(KK) 0.5(|AKKS |2 + |AKKS |2) 0.122± 0.013± 0.008

δ⊥ 0.5(argA⊥ + argA⊥) 2.633± 0.062± 0.037
δ‖ 0.5(argA‖ + argA‖) 2.562± 0.069± 0.040

δS(Kπ) 0.5(argAKπS + argA
Kπ

S ) 2.222± 0.063± 0.081

δS(KK) 0.5(argAKKS + argA
KK

S ) 2.481± 0.072± 0.048

ACP0 (|A0|2/FP − |A0|2/FP)/(|A0|2/FP + |A0|2/FP) −0.003± 0.038± 0.005
ACP⊥ (|A⊥|2/FP − |A⊥|2/FP)/(|A⊥|2/FP + |A⊥|2/FP) +0.047± 0.074± 0.009

AS(Kπ)CP (|AKπS |2 − |A
Kπ

S |2)/(|AKπS |2 + |AKπS |2) +0.073± 0.091± 0.035

AS(KK)CP (|AKKS |2 − |A
KK

S |2)/(|AKKS |2 + |AKKS |2) −0.209± 0.105± 0.012

δCP⊥ 0.5(argA⊥ − argA⊥) +0.062± 0.062± 0.005
δCP‖ 0.5(argA‖ − argA‖) +0.045± 0.069± 0.015

δS(Kπ)CP 0.5(argAKπS − argA
Kπ

S ) +0.062± 0.062± 0.022

δS(KK)CP 0.5(argAKKS − argA
KK

S ) +0.022± 0.072± 0.004

Table 3: Triple-product asymmetries. The first and second uncertainties on the measured values
are statistical and systematic, respectively.

Asymmetry Measured value
A1
T (true) −0.007± 0.012± 0.002

A2
T (true) +0.004± 0.014± 0.002

A3
T (true) +0.004± 0.006± 0.001

A4
T (true) +0.002± 0.006± 0.001

A1
T (fake) −0.105± 0.012± 0.006

A2
T (fake) −0.017± 0.014± 0.003

A3
T (fake) −0.063± 0.006± 0.005

A4
T (fake) −0.019± 0.006± 0.007

raw asymmetries for the two trigger types are

ATOS
φK∗0 = +0.014± 0.043 and ATIS

φK∗0 = −0.002± 0.040 .

The direct CP asymmetry is related to the measured A by

ACP = A− δ with δ = AD + κdAP , (16)
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B → VV decays

B0 → φ[K+K−]K∗[K+π−] angular analysis

Figure 2: The helicity angles θ1, θ2, Φ for the B0→ φK∗0 decay.

The hi factors are combinations of the amplitudes, fi are functions of the helicity angles,
Mi are functions of the invariant mass of the intermediate resonances and dΩ(KKKπ) is
a four-body phase-space factor,

dΩ(KKKπ) ∝ qφqK∗qB0 dmKπ dmKK dcosθ1 dcosθ2 dΦ , (4)

where qA is the momentum of the daughter particles in the mother’s (A = B0, φ,K∗0)
centre-of-mass system.

The differential decay rate for B
0→ φK

∗0
is obtained by defining the angles using the

charge conjugate final state particles and multiplying the interference terms f4, f6, f9, f13
by −1. To allow for direct CP violation, the amplitudes Aj are replaced by Aj, for

j = 0, ‖,⊥, S. The rate is normalized separately for the B
0

and B0 decays such that the
P- and S-wave fractions are

FP = |A0|2 + |A‖|2 + |A⊥|2 , FS = |AKπS |2 + |AKKS |2 , FP + FS = 1 , (5)

and

FP = |A0|2 + |A‖|2 + |A⊥|2 , F S = |AKπS |2 + |AKKS |2 , FP + F S = 1 . (6)

In addition, a convention is adopted such that the phases δKπS and δKKS are defined as the
difference between the P- and S-wave phases at the K∗0 and φ meson poles, respectively.

2.2 Mass distributions

The differential decay width depends on the invariant masses of the K+π− and K+K− sys-
tems, denoted mKπ and mKK , respectively. The P-wave K+π− amplitude is parameterized
using a relativistic spin-1 Breit-Wigner resonance function,

MKπ
1 (mKπ) =

mKπ

qK∗

mK∗
0 ΓKπ1 (mKπ)

(mK∗
0 )2 −m2

Kπ − imK∗
0 ΓKπ1 (mKπ)

, (7)

3
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Figure 5: Data distribution for the helicity angles and of the intermediate resonance masses: (a)
mKπ and (b) mKK , (c) cos θ1, (d) cos θ2 and (e) Φ. The background has been subtracted using
the sPlot technique. The results of the fit are superimposed.

A difference is observed in the kinematic distributions of the final-state particles
between data and simulation. This is attributed to the S-wave components, which are not
included in the simulation. To account for this, the simulated events are reweighted to
match the signal distributions as expected from the best estimate of the physics parameters
from data (including the S-wave). In addition, the events are reweighted to match the
observed distributions of the B0 candidate and final-state particle transverse momenta.
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B → VV decays

Bud → VV : fL

“Näıve” expectation in B → VV is f0 ≡ fL ≈ 1

fL experimental precision at the level of 0.01 at Belle II and LHCb with 50 fb−1

fL QCDf4 pQCD5 BaBar6 Belle7 LHCb (1 fb−1)8

value± stat± syst value± stat± syst value± stat± syst

φK∗0 0.50+0.04+0.51
−0.07−0.42 - 0.49± 0.03± 0.01 0.50± 0.03± 0.02 0.50± 0.02± 0.02

φK∗+ 0.49+0.04+0.51
−0.06−0.43 - 0.49± 0.05± 0.03 0.52± 0.08± 0.03 -

K∗0ω 0.58+0.07+0.43
−0.10−0.14 0.82(0.74) 0.72± 0.14± 0.02 0.56± 0.29+0.18

−0.08 -

K∗+ω 0.67+0.03+0.32
−0.04−0.39 0.81(0.73) 0.41± 0.18± 0.05 - -

K∗0ρ0 0.39+0.00+0.60
−0.00−0.31 0.74(0.68) 0.40± 0.08± 0.11 - in progress

K∗+ρ− 0.53+0.02+0.45
−0.03−0.32 0.78(0.71) 0.38± 0.13± 0.03 - -

K∗+ρ0 0.67+0.02+0.31
−0.03−0.48 0.85(0.78) 0.78± 0.12± 0.03 - -

K∗0ρ+ 0.48+0.03+0.52
−0.04−0.40 0.82(0.76) 0.52± 0.10± 0.04 0.43± 0.11+0.05

−0.02 -

4 PRD 80, 114008 (2009). Errors from varying (i) Gegenbauer moments, decay constants,
quark masses, form factors, the λB parameter for the B meson wave function, and (ii) ρA,H , φA,H

5 PRD 73, 014011 (2006); PRD 73, 014024 (2006); PRD 72, 054015 (2005); PRD 73, 114014
(2006). Number in parenthesis asymptotic wave function

6Top to bottom: PRD 78, 092008 (2008); PRL 99, 201802 (2007); PRD 79, 052005 (2009)
(both K∗ω); PRD 85, 072005 (2012)(both neutral K∗ρ); PRD 83, 051101 (2010); PRL 97,
201801 (2006)

7Top to bottom: PRD 88, 072004 (2013); PRL 94, 221804 (2005); PRL 101, 231801 (2008);
PRL 101, 231801 (2008); PRL 95, 141801 (2005)

8JHEP 1405, 069 (2014); analysis with 3 fb−1 ongoing
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Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

B → VV decays

Bud → VV : B

Branching fraction at the B factories

B =
Nsig

NBB εη

ε: reconstruction efficiency from MC
η: data-MC eff. correction factor

Nsig : signal yield

NBB : total number of produced BB

Branching fraction at LHCb

B = Bnorm ·
εnorm

εsig
· fnorm

fu/d/s

· Nsig

Nnorm

Number of B mesons not known
⇒ hence normalisation channel needed
ε: data-corrected reconstruction eff.

fu/d/s : B±/B0
d/B0

s production prob.

Veronika Chobanova Experimental overview of hadronic B decays Future Challenges in Non-Leptonic B Decays 25



Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

B → VV decays

Bud → VV : B

B(10−6) QCDf4 pQCD5 BaBar9 Belle10 LHCb (1 fb−3)

value± stat± syst value± stat± syst value± stat± syst

φK∗0 9.5+1.3+11.9
−1.2−5.9 - 9.7± 0.5± 0.6 10.4± 0.5± 0.6 in progress?

φK∗+ 10.0+1.4+12.3
−1.3−6.1 - 11.2± 1.0± 0.9 6.7+2.1+0.7

−1.9−1.0 -

K∗0ω 2.5+0.4+2.5
−0.4−1.5 9.6(6.6) 2.2± 0.6± 0.2 1.8± 0.7+0.3

−0.2 -

K∗+ω 3.0+0.4+2.5
−0.3−1.5 7.9(5.5) < 7.4 - -

K∗0ρ0 4.6+0.6+3.5
−0.5−3.5 5.9(4.7) 5.1± 0.6+0.6

−0.8 2.1+0.8+0.9
−0.5−0.7 -

K∗+ρ− 8.9+1.1+4.8
−1.0−5.5 13(9.8) 10.3± 2.3± 1.3 - -

K∗+ρ0 5.5+0.6+1.3
−0.5−2.5 9(6.4) 4.6± 1.0± 0.4 - -

K∗0ρ+ 9.2+1.2+3.6
−1.1−5.4 17(13) 9.6± 1.7± 1.5 - -

9Top to bottom: PRL 98 051801 (2007); PRL 99, 201802 (2007); PRD 79, 052005 (2009)
(both K∗ω); PRD 85, 072005 (2012) (both neutral K∗ρ); PRD 83, 051101 (2010); PRL 97,
201801 (2006)

10Top to bottom: PRL 91, 201801 (2003); PRL 91, 201801 (2003); PRL 101, 231801 (2008);
PRD 80, 051103 (2009)
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Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

B → VV decays

Bud → VV : aCP

Introduction B0 ! ⇢0K⇤(892)0 phenomenology Ongoing work and outlook Conclusions

The B0 ! ⇢0K⇤(892)0 decay

M. Vieites D́ıaz (USC) VII CPAN days 8

Charmless B0 meson decay into two vector resonnances: B0 ! ⇢0(⇡+⇡�)K⇤(892)0(K+⇡�)

Proceeds either via:

⇧ A doubly Cabibbo suppressed tree
⇧ A gluonic b ! s penguin

! similar amplitudes! (good for aCP search)

Self-tagged decay:

(
B0 ! (⇡+⇡�)(K+⇡�)

B
0 ! (⇡�⇡+)(K�⇡+)

Vector resonances ! additional CP violating observables

⇢� ! interplay may enhance CP violating e↵ects!

M. Gronau, J. Zupan
arXiv:hep-ph/0502139

B0(⇢� !)
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0
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⇢
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Charmless B0 meson decay into two vector resonnances: B0 ! ⇢0(⇡+⇡�)K⇤(892)0(K+⇡�)

Proceeds either via:
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⇧ A gluonic b ! s penguin

! similar amplitudes! (good for aCP search)

Self-tagged decay:

(
B0 ! (⇡+⇡�)(K+⇡�)

B
0 ! (⇡�⇡+)(K�⇡+)

Vector resonances ! additional CP violating observables

⇢� ! interplay may enhance CP violating e↵ects!

M. Gronau, J. Zupan
arXiv:hep-ph/0502139

B0(⇢� !)

B
0
(⇢� !)

⇢

PRD 84, 096013 (2011)

aCP may be significant due to
both a (suppressed) tree ampli-
tude contribution and a ρ − ω
interplay
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B → VV decays

Bud → VV : aCP

aCP (10−2) QCDf4 BaBar11 Belle12 LHCb (1 fb−1)13

value± stat± syst value± stat± syst value± stat± syst

φK∗0 0.8+0+0.4
−0−0.5 1± 6± 3 −0.7± 4.8± 2.1 −1.5± 3.2± 10

φK∗+ 0.05 0± 9± 4 −2± 14± 3 -

K∗0ω 56+3+4
−4−43 45± 25± 2 - -

K∗+ω 23+9+5
−5−18 29± 35± 2 - -

K∗0ρ0 −15+4+16
−8−14 −6± 9± 2 - in progress

K∗+ρ− 32+1+2
−3−14 21± 15± 2 - -

K∗+ρ0 43+6+12
−3−28 44± 10+6

−14 -

K∗0ρ+ −0.3+0+2
−0−0 1± 16± 2 - -

11Top to bottom: PRD 78, 092008 (2008); PRL 99, 201802 (2007); PRD 79, 052005 (2009)
(both K∗ω); PRD 85, 072005 (2012) (both neutral K∗ρ); PRD 83, 051101 (2010); PRL 97,
201801 (2006)

12Top to bottom: PRD 88, 072004 (2013); PRL 94, 221804 (2005)
13JHEP 1405, 069 (2014)
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Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

B → VV decays

B0
s → φφ

• B0
s → φφ is a pure penguin mode; particularly sensitive to new physics

• CP-violating phase φs accesssible through a time-dependent measurement

• Belle II time resolution does not allow for a time-dependent analysis due
to the fast oscillation of B0

s

σ(t)LHCb ≈ 40 fs� TB0
s
≈ 360 fs ≈ σ(t)BelleII

• Theoretical prediction in b→ sss decays |φsss
s | ≤ 0.02 rad (QCDf)

CDF LHCb 1 fb−1 LHCb 3 fb−1 LHCb 50 fb−1

PRL 107, 261802 (2011) PL B713, 369 (2012) PRD 90 052011 (2014)

value± stat± syst value± stat± syst value± stat± syst

fL(B0
s → φφ) 0.365± 0.044± 0.027 0.291± 0.024± 0.010 - -

φs (B0
s → φφ) - - −0.17± 0.15± 0.03 ±0.03
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Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

Outline

1 Belle II and LHCb upgrade

2 b→ sqq transitions
Precise measurement of sin 2φ1 in b→ ccs transitions
φ1 in B→ PP and B→ PV decays
B→ VV decays

3 b→ dqq transitions

4 b→ uud transitions
B→ ππ isospin analysis
B→ ρρ isospin analysis
Combined result for φ2
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Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

Bud → KK

0
B

b

d

0K
d
s

0
K

s
d

-W

g

*

xbV xdV • B→ KK a b→ dqq-dominated penguin
transition

• Assuming t quark dominance in the loop,
decay amplitude phase cancels the mixing
phase

⇒ ACP = SCP = 0

• However, u or c contribution or new
physics effects could lead to deviations
from zero

• Experimental uncertainties still very large

• BaBar result outside of physical region,
does not allow for straightforward
interpretation
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Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

B0
s → K0K0

• B0
s → K0K0 interesting due to its large branching fraction

• Predicted in the region (16− 27)× 10−6

• Belle result based on 121.4 fb−1 (arXiv:1512.02145)

B(B0
s → K0K0) = (19.6+5.8

−5.1(stat)± 1.0(syst)± 2.0(NB0
s B0

s
))× 10−6
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Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

B0 → K∗0K∗0 and B0
s → K∗0K∗0

• B0 → K∗0K∗0 and B0
s → K∗0K∗0 related through U-spin symmetry

• Polarization fraction of B0
s → K∗0K∗0 surprisingly low

• Good prospects for a precise measurement of B0
s → K∗0K∗0 at LHCb

ongoing analysis with 3 fb−1 for both channels

expected precision at 50 fb−1 for φeff
s is 0.02

B0 → K∗0K∗0 BaBar 0.35 ab−1 QCDf QCDf (+φK∗ exp)

PRL 100 081801 (2008) Nucl.Phys. B774 64 (2007) Nucl.Phys. B774 64 (2007)

value± stat± syst

fL 0.80+0.10
−0.12 ± 0.06 0.69+0.01+0.34

−0.01−0.27 0.69+0.01+0.16
−0.01−0.20

B(10−6) 1.28+0.35
−0.30 ± 0.11 0.6+0.1+0.5

−0.1−0.3 0.6+0.1+0.3
−0.1−0.2

B0
s → K∗0K∗0 LHCb 1 fb−1 QCDf QCDf (+φK∗ exp)

arXiv:1503.05362v2 Nucl.Phys. B774 64 (2007) Nucl.Phys. B774 64 (2007)

value± stat± syst

fL 0.201± 0.057± 0.040 0.63+0.42
−0.29 0.72+0.16

−0.21

B(10−6) 10.6± 1.8± 1.0± 0.6(fs/fd ) 9.1+0.5+11.3
−0.4−6.8 7.9+0.4+4.3

−0.4−3.9
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Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

Outline

1 Belle II and LHCb upgrade

2 b→ sqq transitions
Precise measurement of sin 2φ1 in b→ ccs transitions
φ1 in B→ PP and B→ PV decays
B→ VV decays

3 b→ dqq transitions

4 b→ uud transitions
B→ ππ isospin analysis
B→ ρρ isospin analysis
Combined result for φ2
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Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

B → ππ isospin analysis

Outline

1 Belle II and LHCb upgrade

2 b→ sqq transitions
Precise measurement of sin 2φ1 in b→ ccs transitions
φ1 in B→ PP and B→ PV decays
B→ VV decays

3 b→ dqq transitions

4 b→ uud transitions
B→ ππ isospin analysis
B→ ρρ isospin analysis
Combined result for φ2
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Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

B → ππ isospin analysis

Measurement of φ2 in a B → ππ isospin analysis

0
B

b

d

+
π

u

d

­
π

u

d

+
W

ub
V

ud

*

V

0
B

b

d

+
π

d

u

 ­π

u

d

+
W

g
xbV xd

*
V

• Tree process sensitive to φ2, SCP = sin 2φ2

• Due to penguin pollution, measurement of an effective φ2

• SCP =
√

1−A2
CP sin(2φ2 − 2∆φ2)

• Can recover φ2 with an SU(2) isospin analysis (PRL 65, 3381 (1990))

Using isospin, the set of B→ π+π−, π+π0, π0π0, decays obey the
amplitude relations

A+0 = 1√
2
A+− + A00, Ā−0 = 1√

2
Ā+− + Ā00
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B → ππ isospin analysis

Measurement of φ2 in a B → ππ isospin analysis

A+0 = 1√
2
A+− + A00, Ā−0 = 1√

2
Ā+− + Ā00

Express as triangles with A+0 = Ā−0 in the limit of neglecting isospin breaking

2φ
∆

=
2

κ

+­A
2

1

00
A

+­A
2

1

00
A

­0
A = 

+0
A

ω

Triangles can flip around A+0 = Ā−0

⇒ 4-fold ambiguity in 2∆φ2

SCP =
√

1−A2
CP sin(2φ2 − 2∆φ2)

⇒ 2-fold ambiguity of φ2 in measured SCP

Therefore, 8-fold ambiguity in φ2

Triangles and φ2 constrained from 6 physical observables

B(π+π−), B(π0π0), B(π+π0)

ACP (π+π−), SCP (π+π−), ACP (π0π0)
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B → ππ isospin analysis

Measurement of φ2 in a B → ππ isospin analysis

B(10−6) B0 → π+π− B0 → π0π0 B+ → π+π0

value± stat± syst value± stat± syst value± stat± syst

BaBar14 5.5± 0.4± 0.3 1.83± 0.21± 0.13 5.5± 0.46

Belle 0.25 ab−115 - 2.32+0.4+0.2
−0.5−0.3 -

Belle 0.7 ab−116 5.04± 0.21± 0.18 0.90± 0.12± 0.10 5.86± 0.29

CDF17 5.02± 0.33± 0.35 - -

CLEO18 4.5+1.4+0.5
−1.2−0.4 < 4.4 4.6+1.8−0.6

−1.6−0.7

LHCb19 5.08± 0.17± 0.37 - -

QCDf4 7.0+0.4+0.7
−0.7−0.7 1.1+1.0+0.7

−0.4−0.3 5.9+2.2+1.4
−1.1−1.1

pQCD5 6.5+6.7
−3.8 0.29+0.5

−0.2 4.0+3.4
−1.9

14Left to right: PRD 75, 012008 (2007); PRD 87, 052009 (2013); PRD76, 091102 (2007)
15PRL 94, 181803 (2005)
16Left to right: PRD 87, 031103 (2013); preliminary; PRD 87, 031103 (2013)
17PRL 106, 181802 (2011)
18Left to right: PRD 68, 052002 (2003); PRD 68, 052002 (2003); PRD 68, 052002 (2003)
19JHEP 1210, 037 (2012)
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B → ππ isospin analysis

Measurement of φ2 in a B → ππ isospin analysis

ACP (10−2) B0 → π0π0

value± stat± syst

BaBara +43± 26± 5

Belle 0.25 ab−1b +44+53
−52 ± 17

Belle 0.7 ab−1c −38± 36± 3

aPRD 87, 052009 (2013)
bPRL 94,181803 (2005)
cpreliminary
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B → ππ isospin analysis

Measurement of φ2 in a B → ππ isospin analysis

• One triangle happens to be flat ⇒ four solutions

• To resolve the ambiguity

Measurement of SCP (π0π0), intended at Belle II with converted photons

Measurement of B→ ρρ, B→ ρπ

• BaBar 71◦ < φ2 < 109◦, 68% CL
Belle 23.8◦ < φ2 < 66.8◦, 68% CL
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Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

B → ρρ isospin analysis

Outline

1 Belle II and LHCb upgrade

2 b→ sqq transitions
Precise measurement of sin 2φ1 in b→ ccs transitions
φ1 in B→ PP and B→ PV decays
B→ VV decays

3 b→ dqq transitions

4 b→ uud transitions
B→ ππ isospin analysis
B→ ρρ isospin analysis
Combined result for φ2
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Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

B → ρρ isospin analysis

Measurement of φ2 in a B → ρρ isospin analysis

• In an analogous way to the ππ system, isospin analysis in B→ ρρ

• Analysis can be performed in each polarization component, longitudinal
preferred due to higher fraction

fL B0 → ρ+ρ− B0 → ρ0ρ0 B+ → ρ+ρ0

value± stat± syst value± stat± syst value± stat± syst

BaBar20 0.992± 0.024+0.026
−0.013 0.75+0.11

−0.14 ± 0.06 0.95± 0.015± 0.006

Belle21 0.988± 0.012± 0.023 0.21+0.18
−0.22 ± 0.15 0.95± 0.11± 0.2

LHCb(3 fb−1)22 - 0.745+0.048
−0.058 ± 0.034 in progress

QCDf4 0.92+0.01+0.01
−0.02−0.02 0.92+0.03+0.06

−0.04−0.37 0.96+0.01+0.02
−0.01−0.02

pQCD5 - 0.78 -

• Longitudinal polarization fraction closer to the näıve expectation of 1

• Tension in the ρ0ρ0 mode between BaBar and Belle

20Left to right: PRD 76, 052007 (2007); PRD 78, 071104 (2008); PRL 102, 141802 (2009)
21Left to right: arXiv:1510.01245; PRD 89, 072008 (2014); PRL 91, 221801 (2003)
22PLB 747, 468-478 (2015)

Veronika Chobanova Experimental overview of hadronic B decays Future Challenges in Non-Leptonic B Decays 42



Belle II and LHCb upgrade b → sqq transitions b → dqq transitions b → uu d transitions

B → ρρ isospin analysis

B → ρρ isospin analysis

B(10−6) B0 → ρ+ρ− B0 → ρ0ρ0 B+ → ρ+ρ0

value± stat± syst value± stat± syst± BF value± stat± syst

BaBar23 25.5± 2.1+3.6
−3.9 0.92± 0.32± 0.14 23.7± 1.4± 1.4

Belle24 28.3± 1.5± 1.5 1.02± 0.30± 0.15 31.7± 7.1+3.8
−6.7

LHCb(3 fb−1)25 - 0.94± 0.17± 0.09± 0.06 in progress

QCDf4 25.5+1.5+2.4
−2.6−1.5 0.9+1.5+1.1

−0.4−0.2 20.0+4.0+2.0
−1.9−0.9

pQCD5 25.3+25.3
−13.8 0.92+1.10

−0.56 16.0+15.0
−8.1

23Left to right: PRD 76, 052007 (2007); PRD 78, 071104 (2008); PRL 102, 141802 (2009)
24Left to right: arXiv:1510.01245; PRD 89, 072008 (2014); PRL 91, 221801 (2003)
25PLB 747, 468-478 (2015)
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B → ρρ isospin analysis

Measurement of φ2 in a B → ρρ isospin analysis

ACP (10−2) B0 → ρ0ρ0

BaBara 20± 80± 30

QCDf 30+17+14
−16−26

pQCD 80

aPRD 78, 071104 (2008)
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B → ρρ isospin analysis

Measurement of φ2 in a B → ρρ isospin analysis

• Both triangles flat ⇒ ∆φ2 = 0 ⇒ two solutions

• φ2 > 90◦ favoured from SU(3) symmetry considerations

BaBar φ2 = (92.4+6.0
−6.5)◦

Belle φ2 = (93.7± 10.6)◦ (preliminary)

Veronika Chobanova Experimental overview of hadronic B decays Future Challenges in Non-Leptonic B Decays 45
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Combined result for φ2

Outline

1 Belle II and LHCb upgrade

2 b→ sqq transitions
Precise measurement of sin 2φ1 in b→ ccs transitions
φ1 in B→ PP and B→ PV decays
B→ VV decays

3 b→ dqq transitions

4 b→ uud transitions
B→ ππ isospin analysis
B→ ρρ isospin analysis
Combined result for φ2
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Combined result for φ2

φ2 from B → ρπ

• A (challenging) time-dependent Dalitz analysis of B→ ρπ can further
constrain φ2

• Study performed by BaBar and by Belle

• BaBar scan of φ2 unstable

• For the moment, no real constraint from B→ ρπ

5

TABLE I: Results of the time-dependent Dalitz fit (left three columns), and the associated quasi-two-body CP violation
parameters (rightmost column), whose definitions can be found elsewhere [13]. The first and second errors are statistical and
systematic, respectively. The correlation coefficient between A+−

ρπ and A−+
ρπ (Aρ0π0 and Sρ0π0) is +0.47 (−0.08).

U+
+ +1 (fixed) U−

+ +0.23± 0.15 ± 0.07 I+ −0.01 ± 0.11 ± 0.04 ACP
ρπ −0.12± 0.05± 0.04

U+
− +1.27± 0.13± 0.09 U−

− −0.62± 0.16 ± 0.08 I− +0.09 ± 0.10 ± 0.04 C −0.13± 0.09± 0.05

U+
0 +0.29± 0.05± 0.04 U−

0 +0.15± 0.11 ± 0.08 I0 +0.02 ± 0.09 ± 0.05 ∆C +0.36± 0.10± 0.05

U+,Re
+− +0.49± 0.86± 0.52 U−,Re

+− −1.18± 1.61 ± 0.72 IRe
+− +1.21 ± 2.59 ± 0.98 S +0.06± 0.13± 0.05

U+,Re
+0 +0.29± 0.50± 0.35 U−,Re

+0 −2.37± 1.36 ± 0.60 IRe
+0 +1.15 ± 2.26 ± 0.92 ∆S −0.08± 0.13± 0.05

U+,Re
−0 +0.25± 0.60± 0.33 U−,Re

−0 −0.53± 1.44 ± 0.65 IRe
−0 −0.92 ± 1.34 ± 0.80 A+−

ρπ +0.21± 0.08± 0.04

U+,Im
+− +1.18± 0.86± 0.34 U−,Im

+− −2.32± 1.74 ± 0.91 IIm+− −1.93 ± 2.39 ± 0.89 A−+
ρπ +0.08± 0.16± 0.11

U+,Im
+0 −0.57± 0.35± 0.51 U−,Im

+0 −0.41± 1.00 ± 0.47 IIm+0 −0.40 ± 1.86 ± 0.85 Aρ0π0 −0.49± 0.36± 0.28

U+,Im
−0 −1.34± 0.60± 0.47 U−,Im

−0 −0.02± 1.31 ± 0.83 IIm−0 −2.03 ± 1.62 ± 0.81 Sρ0π0 +0.17± 0.57± 0.35

arising from a non-zero value of U−
− . Note that this is not

a CP -violating effect, since ρ−π+ is not a CP -eigenstate.
No sine-like asymmetry is observed in any of the regions
(g)–(i).

The non-interfering parameters can be interpreted as
the quasi-two-body parameters of the process B0 →
ρ±π∓, whose definitions can be found elsewhere [13], and
the CP violation parameters of the process B0 → ρ0π0:
Aρ0π0 = −U−

0 /U+
0 and Sρ0π0 = 2I0/U

+
0 . These are also

listed in the Table I.

There are several sources of systematic uncertainty. To
determine their magnitudes, we vary each possible con-
tribution to the systematic error by its uncertainty in the
data fit or in the MC, and take the resultant deviations in
the fitted parameters as errors. We add each contribution
in quadrature to obtain the total systematic uncertainty.
The largest contribution for the interfering parameters
comes from radial excitations. We take account of pos-
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FIG. 2: Mass (a)–(c) and helicity (d)–(f) distributions, and
background subtracted ∆t asymmetry plots in the good tag-
ging quality region l ≥ 3 [14] (g)-(i), corresponding to the
ρ+π− [(a),(d),(g)], ρ−π+ [(b),(e),(h)], and ρ0π0 [(c),(f),(i)]
enhanced regions. The notations for histograms (a)–(f) are
the same as Fig. 1.

sible deviations of (
(

β
)

κ,
(
γ

)

κ) from the (β, γ) values, and
uncertainties of β, γ, and the mass and width of each res-
onance. Large contributions to the systematic errors for
the non-interfering parameters come from potential back-
grounds such as B0 → f0(980)π

0, f0(600)π
0, ωπ0, and

non-resonant π+π−π0, which we neglect in our nominal
fit. We perform fits to toy MC including these back-
grounds with the branching fractions at their 68.3% C.L.
upper limits, which we obtain from our data or world
averages [11, 20]; the largest variations are taken as sys-
tematic errors. Comparable contributions also come from
vertex reconstruction, background PDF’s, and tag-side
interference [21]; more detail can be found elsewhere [18].

We constrain φ2 from the 26 parameters measured in
our analysis following the formalism of Ref. [5] and the
statistical treatment using toy MC described in Ref. [22].
The resulting 1 − C.L. function is shown in Fig. 3 as a
dotted curve. To incorporate all available knowledge, we
combine our measurement with results on the branch-
ing fractions for B0 → ρ±π∓ and B+ → ρ+π0, ρ0π+,
and flavor asymmetries of the latter two [20]. Assuming
isospin (pentagon) relations [6, 7] and following the same
procedure as above, we perform a full Dalitz and pen-
tagon combined analysis, the result of which is shown in
Fig. 3 as the solid curve. We obtain 68◦ < φ2 < 95◦ as
the 68.3% confidence interval for the solution consistent
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FIG. 3: 1−C.L. vs. φ2. Dotted and solid curves correspond
to the result from the TDPA only and that from the TDPA
and an isospin (pentagon) combined analysis, respectively.
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Figure: Dotted and solid curves correspond to the result from the TDPA only and that
from the TDPA and an isospin (pentagon) combined analysis, respectively.
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Combined result for φ2

Combined result for φ2

φ2[fit] = (90.6+3.9
−1.1)◦

Belle II expected to push the precision of φ2 down to 1◦ (combining all modes)
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Summary and outlook

• Loop-dominated b→ sqq and b→ dqq transitions potentially sensitive to
new physics effects

• CP violation observed or evidence found in certain b→ sqq modes

• Current experimental precision not enough to challenge the SM, but good
prospects for a precise measurement at Belle II and LHCb

• Theoretical uncertainties, especially on the branching fractions, also large

• Good prospects for a precise measurement of the angle φ2 at Belle II and
LHCb

Combined uncertainty expected to be below 1◦
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Thank you for your attention!
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