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1. Methods for Measuring ¢3

The ¢3 (also known as ) angle of the standard CKM unitarity triangle is the least well con-
strained of its angles. At the same time, it is the only CP-violating parameter that can be measured
solely in tree-level processes, thus making it a benchmark for CP violation within the Standard
Model. However, ¢3 measurement precision is limited by small branching fractions of the involved
processes.

The most powerful and theoretically clean way of measuring ¢3 is based on the interference be-
tween b — iics and b — ucs tree level amplitudes [1]. What we mean by saying theoretically clean
is that there is no penguin graph contribution [2] to these processes and consequently no theoretical
uncertainty connected to the hadronic parameters, as they can be obtained from experiment.

An example of the mentioned type of processes is B — D K* followed by D — f, and
B* — DWK* followed by D — f, where f is a common final state. Interference between these
two paths gives rise to direct CP violation. Diagrams of the relevant decays are depicted in figure 1.

Most analyses neglect the effects of neutral D meson mixing and CP violation as these are
expected to be small [3]. However, D mixing and CP violation can be included at no cost to the
uncertainty by using measured values from other studies [4].
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Figure 1: Diagrams of the two tree-level B~ — DK~ decays.

1.1 GLW Method

The method was first proposed by Gronau, London and Wyler [1, 5]. Their idea is that a B
meson can decay weakly to a state with a D° or D°. But if we reconstruct the neutral D meson from
a final state that is a CP-eigenstate, we actually select a superposition (D° #+ D%)/+/2. We label
these states Dcp+ and Dep- for the CP-even and CP-odd states respectively. We can then construct
4 observables that encode the CP violation parameters,

F(37 — DCPiK7> —|—F(B+ —>DCPiK+)

k74 =2
P T T(B~ > DK )+T(B" = Dymk™)

= 1 + 75+ 2rgcos(8p) cos(3), (1.1)

F(B_ — DCPiK_) —F(B+ — DCPiK+)

% pr—
P "T(B~ = Dcp:K )+ (BT — Dep:K ')

= +rpsin(0p)sin(¢3)/Rcp=, (1.2)

where Dy, signifies that the D meson is reconstructed in a favored hadronic mode such as D° —
K~ 7", rp is the magnitude of the ratio of B — DK~ and B — DK~ amplitudes and g is the
strong phase difference between them. A value of @/cp+ different from 0 means CP is violated in
these processes.

Notice that the system is not over-constrained by the four observables even though there are
three parameters, as Zcp+ HGcp+ = —Hcp- Fcp-
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1.2 ADS Method

Atwood, Dunietz and Soni [6] realized that CKM-suppressed decays can also be used to mea-
sure ¢3. Let us consider the process B~ — [KTn~|pK~, where the brackets represent a final state
that was produced from an intermediate D resonance. The full final state can be reached in two
ways — either CKM-favored B~ — DK~ followed by CKM-suppressed D° — K*7~, or CKM-
suppressed B~ — DK~ followed by CKM-favored D° — K~ 7.

In contrast to the GLW method, when the D meson decays to a non-CP-eigenstate, one has
to factor in the magnitude of the ratio of the suppressed and favored D decays rp as well as their
relative strong phase dp, much like we did for the B decay. Fortunately, these hadronic parameters
can be obtained from mixing measurements [7].

The ADS observables are similar to the GLW ones, however there are only two of them per B
decay channel as they are charge-averaged,

[(B~ — [K*n |pKk~)+T(B* — [K-mt]pK™*)

A0S = (B (K77 oK) T T (BT = (K- 7 JoK") .3)
= ré + r% +2rgrp COS(6B + 6D) COS(¢3)’
(B~ — [Ktmw |pK ) —T(BT — [K nt]pK™")
Dpps =

['(B~ = [KTn~|pK~)+T(Bt — [K—mt|pKt) (1.4)
= 2rgrp sin(SB + 61)) sin(%)/%ADS.

1.3 GGSZ Method

The Dalitz plot analysis method for ¢3 measurements was proposed by Giri, Grossman, Soffer
and Zupan [8] and independently by Bondar [9]. The idea behind it is to use (usually self-conjugate)
multi-body final states accessible to both D and DY mesons. One then measures relative phases
and magnitudes of their amplitudes for D mesons coming from B decays such as B* — DK™,

Let us consider a B* — [K§)7T+7r_] pK™ process. Its amplitude can be written as

Agi(sy,s ) =Ap(sy,s ) +rpe’ @ Ap(s, s ), (1.5)
Ap (51,5 ) =Ap(sy,s ) +rge’ @t An(s, s ), (1.6)

where we have introduced the Dalitz variables 54 = migﬂ . and Ap is the amplitude of the D decay.
The strong phase 8 = dp(s+,s—) has to have a large variation over the Dalitz plot; if it were
constant, there would be no @3 sensitivity.

Two approaches are possible — model independent, binned analysis (as proposed in the orig-
inal paper) and model dependent, unbinned analysis. The former divides the Dalitz plot into bins
across which there is a small strong phase variation. The events in one bin are then treated equally.
Extra input in the form of strong phase measurements from charm factories is required for this
method [10].

The second method employs a certain model of the strong phase distribution function across
the Dalitz phase-space. While introducing an obvious model uncertainty, it has a higher statistical
power, which can be very desirable in low yield analyses. The above-mentioned models can be
determined from samples of flavor tagged D** — Dz,
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2. Recent Belle Analyses

All the analyses presented use the entire 711fb~! Belle data sample containing 772 x 10°BB
events. Listed uncertainties are statistical first, systematic second.

21 B~ - Dk~,D° - Kdn*n~ (GGSZ)

This analysis is the first model-independent measurement of @3 in the relevant channel. The

reported result is [11]
¢y = (77130 £4.1+£4.3)°, 2.1

where the third uncertainty comes from the precision of the strong-phase parameters obtained by
CLEO, which are an external input to this analysis.

This uncertainty is comparable to the model uncertainties from the latest Belle and BaBar mea-
surements: 3° — 9°. For future experiments, the model uncertainty is expected to dominate as there
will be more statistics and, possibly, better systematics control. On the other hand, the precision of
the strong-phase parameters measurement will improve as BES-III results [12] supersede CLEO’s.

2.2 B~ — D'k~ ,D** — D°z° D’y (GLW and ADS)

These two analyses are currently exclusive to B-factories as they involve low energy 7° or ¥,
making them very difficult for hadron collider experiments.
Combining GLW results for D* — Dx®, Dy yields

Repe = +1.194£0.134£0.03,
Rep = +1.03£0.13£0.03,
Acps = —0.1440.10£0.01,
Acp— =40.22+0.11£0.01.

The ADS analysis results are

Rpmo = [1.07057001 < 1072,
Rpy=[3.6"15+£0.2] x 1072,
Apqo = 04757407,

0.33
Apy = —0.51"933 +0.08.

Here the signal of the D* — Dy mode is seen with a 3.50 significance. An interesting feature of
this ADS analysis is that the values of R are different for D* — Dy and D* — D7r” modes, because
of the 7 strong phase difference between the two amplitudes.

The analyses are to be published soon [13].

23 B~ - D°Kk—,D - K*n~n° (ADS)

The fact that there is a three-body final-state in this ADS analysis means that the strong phase
difference between the interfering processes can vary over the phase-space. This can “dilute”
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direct CP violation effects. To quantify this dilution, correlated DD production is used [14, 15].
Conveniently, the effect is small in this channel, which allows for a more precise CP violation
measurement [16]:

Rpg = (1.98+£0.6240.24) x 102,
Apg = 0.41£0.30+0.05.

This is a first evidence for the suppressed decay, with a 3.20 significance. It is noteworthy that
even when the dilution is rather large, an analysis can be feasible as evidenced by [17].

24 B® - D'k K0 — K*tn—,D° — K7t (ADS)

A major advantage of this analysis is that it uses a self-tagging channel, because of the K*
decay. This in turn boosts efficiency. While the study uses the ADS method, the fact that K* has a
natural width larger than the experimental resolution, leads to some complications, which require
a modified definition of the ADS observables. Further details can be found in [18]. The obtained
result is [19]

Rpgeo = (4.1725738) x 1072, (22)

As the Rpg-o value is not significant, an upper limit is established
Rpgo <0.16  (95% C.L.). (2.3)

2.5 B® = D'k*0 k*0 — K*tn~,D° — Kdntn~ (GGSZ)

This analysis also uses the model-independent approach and resulted in establishing an up-
per limit on the suppressed vs. favored ratio rg < 0.87 at the 68% confidence level [20]. This
value is closely related to ¢ sensitivity because the statistical uncertainty of ¢3 measurements is
proportional to 1/rs.

The authors also report the “raw” observables x., y+ which are defined as

X4 = r_gCOS(S_g:l: (P3>,

Y+ =7T% sin(55 + ¢3)
and are measured to be

x_ =+0.4739100 1.0,
0.840.1

yo=—-0.6"05"00+0.1,

Xy =+0.1707100 0.1,

yi =+03703100+0.1,

where the third uncertainty again comes from the precision of the strong-phase parameters, as in
Sec. 2.1.

These observables have the benefit, that they can be readily merged with similar results from
other studies for a combined measurement.
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3. Time-dependent Measurements

All the measurements mentioned in the previous Section were time-independent. However,
time-dependent analyses are also possible. Namely channels

e B 5 DM [21],
° BO%D(*)p,

can be used to constrain ¢3, by giving us access to 2¢; + ¢3. All of these processes are subject
to mixing induced CP violation, which arises from interference between different decay paths that
lead to the same final state, i.e., B> — f and B — B® — f.

In order to extract the weak angle from B — (scalar-scalar) or (scalar-vector) decays, some
model parameters must be supplied externally, because they cannot be extracted by the analyses.
Concretely, the ratio of amplitude magnitudes r = |Apcs/Ack|, where DCS and CF stand for doubly
Cabibbo suppressed and Cabibbo favored respectively, must come from other measurements. To

g

this end, one can use decays such as BY — Dy’ 7 with the added assumption of SU(3) symmetry.

This approach, however, is burdened by a theoretical uncertainty on the assumption.

3.1 D*p Introduction

From the listed channels, B — D*p is unique, because it is a B — (vector-vector) decay.
Therefore, there are three possible helicity/transversity configurations of the D*p state, its ampli-
tude being the superposition

re{+,0,-} Aed{]l,0,L}

This form gives rise to interference terms in the decay rate I' = |A|?, which means more information
about the A, terms is preserved. We can take advantage of this and in principle extract all the
parameters, including r,, from data. This is very valuable, not only because we don’t include a
hard to quantify theoretical uncertainty, but also combined with, e.g., BY — D7 p, this measurement
can be used to probe the SU (3) assumption.

Let us mention a rather important technical caveat, which forces us to make a change of vari-
ables. r), appears in the decay rate formula in the following expressions

P = rlei(—2¢1—¢3+5/1)7 by = r/lei(+2¢|+¢3+5/1)’

where 2¢ + ¢ is the weak phase and J, are the strong phases. It is apparent that r, = 0 is a pole
in the sensitivity of other variables. When the r) are small, fitting and error estimation can fail. To
avoid this problem we introduce Cartesian variables defined as follows

Py =x) +iya, Py =X) +iya-

The change {ry, 0,0} — {x1,y1,%1,¥; } introduces five new variables and an additional step is
needed to extract the physical parameters.



Belle results for ¢3 and prospects from Belle Il by 2021 Daniel Cervenkov

3.2 D*p Current Status

We are currently conducting an analysis of this channel and have reached several milestones.
We finalized our signal selection algorithm, continuum suppression and yield extraction. The signal
yield extraction fitter was tested on the official Belle MC simulation dataset (see figure 2). This
sample was produced using the Evt Gen [22] and GEANT 3 [23] software packages to generate the
events and to simulate the detector response, respectively. The fitter was also validated using real
data (with modification to account for MC—data differences). Close to 6 x 10* signal events pass
our selection. This might seem like high statistics, however, r = |Apcs/Ack| is expected to be very
small at ~ 1 — 2%, and the CP violation effect tiny.
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Figure 2: Monte Carlo yield fits for a sample equivalent to the Belle dataset

Now we want to present first results from a realistic angular time-dependent fit to a signal
Monte Carlo sample. The sample was generated using these settings:

e 6 x 10* events passing selection

helicity amplitudes taken from CLEO [24]

conservative ry, = 1%

randomly chosen values of strong phases:
-6, =-0.393

- 9 =0.785
- 0_=1571

weak phase 2¢; + ¢3 = 1.79371

Results from the fit to this dataset are listed in table 1. The most interesting values we obtain are
the uncertainties labeled o. They allow us to make an estimation of the final statistical uncertainty
of the analysis.

We mentioned in section 3.1 that one must make an additional step to extract the physical
parameters from our observables. It is a rather involved procedure called constrained supremum
method and we won’t discuss it here. Suffice to say, it is a robust way to extract 2¢; + ¢3 from x;,
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and y; . Plots from a simpler toy Monte Carlo study validating the algorithm can be seen in figure 3.
More information will be available in [25].

Adjusting results from the aforementioned toy study for expected yield, resolution and flavor
tagging effects we get the following expected uncertainties

e 0(2¢; + ¢3) ~ 80°(stat) for Belle
e 5(2¢; + ¢3) ~ 11°(stat) for Belle II at 50 ab ™!

Let us stress that we expect these uncertainties in the case of no external input whatsoever. If we
wish so, we can trade the analysis’ theoretical ‘purity’ for decreased statistical uncertainty, if we
take, e.g., ry s from other measurements.

Var Fit o

la|  0.2861 0.0022

(@) 0.5919 0.0130 20} e 1
lap]  0.9306  0.0008 15 w8
(ay) 3.1159 0.0110 104 iﬂm 35
x| 00530 0.0222 , N

xo  0.0640 0.0137 ! 0 !

xi  0.0700 0.0228 o’ oem

yj 00109 0.0143

yo  -0.0131 0.0046

y.  -0.0369 0.0225 )

I 0.0669 0.0240

%  0.0829 0.0114 o e
£ 0.0530 0.0249 20} P o mm 1
5| 00123 0.0168 w0l :gm 099536
Jo  0.0055 0.0046 . . . . .

§. 00297 0.0235 5 10 P L

Table 1: Results from a realistic
toy fit

Figure 3: Constrained supremum toy study

4. Belle II Prospects

4.1 Sensitivity Simulation

Recently, a model-independent GGSZ sensitivity simulation study was conducted on the B —
[Ksh™h™|pK decay. Its goal was to establish a realistic prediction of the mode’s sensitivity to @3. It
incorporates the full Belle II simulation with particle reconstruction, signal yield fit (see figure 4b),
etc. However, the study was not finalized and several aspects such as continuum suppression (see
figure 4a) and particle identification were not fully tuned. We, therefore, expect better performance
from the actual analysis.
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The resulting expected statistical ¢3 uncertainty for a measurement of this decay with Belle II
can be seen in figure 4c. The values for two milestone data sample sizes are

e o(¢3) =9.5° with 10 ab™!
e o(¢3) =2.9° with 50 ab~!

The study shows that the overall precision improvement with increasing luminosity should be as
expected, even though it’s estimates are incomplete and conservative. Improvement on the actual
value of the uncertainty is to be expected.
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Figure 4: B — [Ksh™h™]pK sensitivity simulation

4.2 ¢3 Combination Projection

In this last section, we want to present estimates of the total Belle II ¢3 sensitivity and its
comparison to LHCb’s. For Belle II the projections are based on a combination of B — D K(*)
measurements that were already performed at Belle and the combined ¢3 value is taken from CKM-
Fitter. LHCD values are based on LHCb-PAPER-2014-041. It is a combination of measurements
Bt — Drt, Bt — DK™ and B — DK*?. Combined value was taken from CKMFitter. For both
experiments, the following D decay modes were considered
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o D—-KK,D—nrn,D—Kn
e D Knnrm
o D— Ksnim

The expected integrated luminosity used for the comparison and the resulting ¢s sensitivity in can
be seen in figure 5. It is important to note that both experiments will include more channels in their
¢3 measurements. Work is ongoing to estimate the final sensitivity more precisely.
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Figure 5: B — [Ksh™h™|pK sensitivity simulation
5. Conclusion

Searches looking for New Physics (NP) in ¢3 usually compare tree-level processes with pen-
guin dominated ones. However, recent studies show that NP contributions to tree-level C; and C,
Wilson coefficients of the order of &'(40%) and €'(20%) are not excluded [26]. A rough estimate
shows that deviations in ¢ of &'(4°) are consistent with current experimental constraints. As you
can see, there is a strong motivation for both theoretical and experimental study of ¢s.
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