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Abstract: Using all experimentally measured charmless B — PP, PV decay modes, where P(V) denotes a light

pseudoscalar (vector) meson, we extract the CKM angle y by a global fit. All hadronic parameters are determined

from the experimental data, such that the approach is least model dependent. The contributions of the various decay

modes are classified by the topological weak Feynman diagram amplitudes, which are determined by the global fit.

To improve the precision of the approach, we consider the flavor SU(3) breaking effects of the topological diagram

amplitudes of the decay modes by including the form factors and decay constants. The fit result for the CKM angle y

is (69.8 £2.1 £0.9)°. It is consistent with the current world average values but has a smaller uncertainty.
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1 Introduction

The test of CP violation in the Standard Model, which
is described by the complex phase in the Cabibbo-Kobay-
ashi-Maskawa (CKM) matrix, is the central goal of the
heavy flavor physics programme. Using B decays to de-
termine the three angles @, 8 and y of the usual non-
squashed unitarity triangle of the CKM matrix, and thus
to test the closure of the unitarity triangle, is a straightfor-
ward and promising way to accomplish this goal. Any
discrepancies would suggest possible new sources of CP
violation beyond the Standard Model.

In principle, @, 8 and y can be determined via the
measurements of CP violating asymmetry in neutral B
decays to CP eigenstates. If a single CKM amplitude or
different amplitudes with the same CKM phase contrib-
ute to the decay of B meson, then the mixing-induced
CP asymmetry is a pure function of CKM parameters,
which are derived from the two neutral B meson mixing
and BY decay with no strong phase uncertainties. As is
well known, the angle 8 can be determined in a reliable
way with the help of the mixing-induced CP violation in
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the single "gold plated" mode B® — J/yKs. Likewise, a
can be extracted using the neutral B decay B’ — n*n~, us-
ing the isospin symmetry to separate the tree and pen-
guin contributions in the B — nx decays. Similarly to the
measurement of 8 and «, a straightforward way to obtain
y theoretically might be to use the CKM suppressed BY
decay BY — pKs, or to analyze the decays BY — D%, D%
and D?qﬁ, as in [1]. However, the observed mixing-in-
duced CP asymmetries are expected to be strongly di-
luted by the large B, — B, mixing, so that determining y in
this way is considerably more involved than it is for 3
and a.

The third angle y is currently one of the least known.
It depends on the difference between the strong phases of
the amplitude contributions in B decays, which is diffi-
cult to calculate reliably. One of the theoretically best
ways of determining y is to use the interference between
the b — ciis and b — ucs decay amplitudes, with the inter-
mediate states PO and DO mesons subsequently decaying
into common final states. Depending on the common fi-
nal states, the methods can be divided into: the GLW
method [2] , where D mesons decay into CP eigenstates;
the ADS method [3], where the final state is not a CP ei-
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genstate but uses the doubly Cabibbo-suppressed decays
to enhance the CP violation effect; the GGSZmethod [4],
which exploits the three-body D decays to self-conjugate
modes, such as D° —» KgK*(n*)K~(n"). The world aver-
age values are obtained by combining the above methods
in order to reduce the statistical uncertainties, and are
y=(71.149)° [5], y=(73.542)° [6] and y = (70.0 £4.2)° [7]
fitted by the HFLAV, CKMFitter and UTfit collabora-
tions, respectively. The latest measurement of y by the
LHCb collaboration yielded (74.0*39)° [8]. As of mid
2019 , the preliminary result by CKMfitter for y from all
sources is y = (65.80*099)° [9]. As there is no penguin dia-
gram pollution in the charmed B decays, and as the theor-
etical uncertainty on y determined from higher-order
electroweak corrections is very small, a shift 5y < O(1077)
calculated in [10], the uncertainty of approximately 5° on
v is statistically limited. The reason for the relatively
large statistical uncertainty is due to the small branching
fraction Br( B~ — DOK-) ~ O(1079).

The two-body charmless B meson decays receive con-
tributions from the tree and penguin diagrams with relat-
ively large branching ratios, of the order of O(1076-
1073). The branching ratios and CP asymmetry paramet-
ers depend strongly on the interference of the tree and
penguin diagrams with different weak and strong phases.
This provides a possible way to measure the CKM angle
v. The only problem here is how to calculate or extract
reliably the different strong phases of the tree and pen-
guin diagrams of charmless B decays. The methods pro-
posed in Refs. [11-13] extract the strong phases in the
B — nn, B— 7K and B — KK decays by using the flavor
SU(3) symmetry. Fleischer proposed a method to use the
decays B; —» n*n~ and By, —» K*K~ via the U spin flavor
symmetry of strong interactions [14]. All these methods
require a number of experimental measurements but do
not depend on the non-perturbative QCD calculations.
However, the precision of determining y is limited by the
theoretical uncertainties of the flavor SU(3) breaking ef-
fects or U spin breaking corrections. Some of them can
only provide a bound on vy, and serve as a complement-
ary and indirect constraint on the unitarity triangle. Re-
cently, three-body charmless B decays, whose amp-
litudes are related by the flavor SU(3) symmetry [15-17]
or U spin flavor symmetry [18], were used to extract the
CKM angle y. The uncertainty of this fit was of the order of
10° with six possible solutions found in the latest paper [17].

In order to improve the precision of y angle measure-
ments, one has to deal with the flavor SU(3) breaking ef-
fect. Recently, the factorization assisted topological amp-
litude approach was proposed in [19-23] to parameterize
all contributions to charmless B decays by topological
diagrams, but keeping most of the SU(3) breaking effects.
Similarly to the previous version of the topological dia-
gram approach [24], most of the hadronic decay amp-

litudes of the weak diagrams are fitted using the experi-
mental measurements instead of the perturbative QCD
calculations. Thus, the fit is model independent. We also
take into account the flavor SU(3) breaking effects in
each flavor topological diagram characterized by decay
constants and weak transition form factors. As a result,
we can reduce the number of unknown hadronic paramet-
ers by fitting all charmless two-body B — pp, PV decays
together [19], while the study in [24] fitted the B —» PP
and B — PV decay modes separately with two sets of
parameters. In the present work, we use all experiment-
ally measured B — PP, PV decay observables to perform
a global fit, but leave the weak phase y to be fitted from
the abundant experimental data together with the hadron-
ic parameters. There are also a number of measured B de-
cay channels with two vector meson final states. Since
this kind of decay is more complicated as it includes
transverse polarization, we do not include them in our
current study to avoid introducing more free parameters.
Therefore, in the present work, we fit 15 parameters us-
ing 37 experimentally measured branching fractions and
11 CP asymmetry parameters of the B —» pp, PV decays.
We begin in Sec. 2 with a summary of the parametriz-
ation of the tree and penguin topological amplitudes of
the charmless B — PP PV decays, which leave the weak
phase vy as a free parameter, to be fitted together with the
hadronic parameters. The fit result of the CKM angle y
with the experimental and theoretical uncertainties is
presented in Sec. 3, and the conclusions are given in Sec. 4.

2 Parametrization of the decay amplitudes of
the topological diagrams

The charmless two-body B meson decays are induced
by weak interactions via the tree diagram and the pen-
guin diagram at the quark level. The tree level weak de-
cay diagram contributes via the so-called color-favored
tree emission diagram 7, color-suppressed tree emission
diagram C, W-exchange tree diagrams E, and the W anni-
hilation tree diagrams A, which are shown in Fig. 1. The
1-loop corrections of the QCD penguin diagrams are not
suppressed due to the larger CKM matrix element com-
pared with the tree diagram. They are also grouped into
four categories: (a) the QCD-penguin emission diagram
P, (b) the flavor-singlet QCD-penguin diagram Pc or
EW-penguin diagram Pgy, (c) the time-like QCD-pen-
guin diagram Pg , and (d) the space-like QCD-penguin
annihilation diagram P4, shown in Fig. 2.

The color-favored tree (7) topology shown in Fig.
1 (a)was proven to be factorizable to all orders of a, in the
QCD factorization approach [25], the perturbative QCD
factorization approach [26] and the soft-collinear effect-
ive theory [27], and it is easily parametrized as
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Fig. 1. Topological tree diagrams contributing to B — pp and B — PV decays: (a) the color-favored tree emission diagram 7, (b) the
color-suppressed tree emission diagram C, (c) the W-exchange diagram £ , and (d) the W-annihilation diagram 4.

(¢) P (d) Pa
Topological penguin diagrams contributing to p — pp and B — PV decays: (a) the QCD-penguin emission diagram P, (b) the

flavor-singlet QCD-penguin diagram Pc or EW-penguin diagram Pgyw, (c) the time-like QCD-penguin diagram Pg , and (d) the
space-like QCD-penguin annihilation diagram Py4.

Fig. 2.
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The superscript in 777> denotes that the final mesons
are two pseudoscalar mesons, and in 7°V(VP) that the re-
coiling mesons are pseudoscalar meson (vector meson).
q' =d,s quark in the AS =0,1 transition, respectively.
ai(u) is the effective Wilson coefficient from the short
distance QCD corrections, a;(u) = Co(u) + Cy(u)/3 = 1.05
at next-to-leading order [28], with factorization scale g,
insensitive to final state mesons, usually chosen at
myp/2 =2.1GeV . The decay constants fp, fiy and the form
factors FgP L, FP=P and A§™V characterize the S U(3) break-
ing effects. &}, is the polarization vector of vector meson,
and pp is the 4-momentum of B meson.

We parametrize the non-factorization dominant color
suppressed tree diagrams as

. GF - 3 AC
chr :1%%,1, Ve X fio,(my —my YFT (),

C™ =26V Vi x e fumyFE"mi)(ey - pi),

C"P =N2G Vi Vi x e fomvAT Y (mp)(sy - pr), (2)
where €, ¢ represent the magnitude and phase of the
pseudo-scalar meson emitted decays B — PP, VP. The
prime in ¥, ¢¢ denotes the difference with respect to the
hadronic parameters in the amplitude of the vector meson
emitted decay B — PV. Similarly, we parametrize the W
exchange diagrams as

G .
EPP: =iZLy,, v

\/z uq

EPVVP =\2Gp Vi Vi x"e? meV(

XECi‘ﬁEme%(%),
frfv
Iz
where %, ¢f represent the magnitude and strong phase.
We ignore the W annihilation topology, as its contribu-

tion is negligible, as discussed in [24].

The penguin emission diagram was also proven to be
factorizable to all orders of ag in various QCD inspired
approaches and the soft-collinear effective theory. Thus,
its amplitudes are describe as follows:

)(8*{/ pp), (3)

.Gr " i
PPP = —i—=VaVy, [a4(,u) +x"el? r)(]fpz(sz -m)

V2

X Fy"(m3),
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where the second terms denote the ‘“chiral enhanced ”
penguin contributions, with the chiral factor of pseudo-
scalar meson r,. The Wilson coefficient a4(u) of effective
penguin operators is calculated to the next-to-leading or-
der [28]. We parametrize the flavor-singlet penguin dia-
gram as

G o
PP UF % P c 2 2 BP, 2
P =—i—VpVyx el? Jp(mp—m, YE " (),

\/§ 1
PE == N2Gr Vi Vi x e fomy FY2 ()8} - pa),
PEF == N2Gr Vi Vi X frmyAS™Y (mp) () - pr). (5)

Looking carefully at Fig. 2(a) and 2(d), one can see
that the only difference between them is the hard gluon
attached to a light quark pair. Since we do not calculate
the QCD corrections but fit them to the experimental
measurements, these two diagrams give the same contri-
bution. Since the contribution of pseudo-scalar meson
emission Pf:P’VP is already encoded in the parameters
rx’, € in Eq. (4) for diagram Fig. 2(a), we only have
the vector meson contribution left for the space-like pen-
guin diagrams,
f;fv)w;.pw. (©)

T

Pi’V =— \/EGFVﬂ, Vt*q/)(P‘ ei‘/’PA mev(

The contribution from the time-like penguin ( Pg) dia-
gram is arguably small, and can be ignored in the decay
modes where it is not dominant [19].

The electroweak penguin topology (Pgw) is similar to
the tree and penguin emission diagrams, which can be
proven by factorization. We calculate this diagram in
QCD as

G 3
PP . F * 2 2 BP] 2
Pry = —1%Vletq/eq§a9(p)fp2(mB—mpl)FO (m,),
P = N3GV Vg2 FEPmi) (e, -

W = FVirViy €q209(#)fvmv 1 (my)ey - pp)s

Py = —\2G VioViy Eq%@(#)flﬂvag_v(m%)(S; “PB)
(7)
where ay(u) is the effective Wilson coefficient at the next-
to-leading order.

3 Numerical results

From Eqgs. (1-7), one notices that all tree amplitudes
are proportional to V,, V:q/ while the penguin amplitudes
are proportipnal to V,,,V;;, = —(VubV;q, +VcbV:q,). Except
Vb = |Vple™, all other CKM matrix elements V;‘q,,
VoV, are approximately real numbers without the elec-
troweak phase. The phase angle y is a free parameter to
be fitted from the experimental data. The magnitudes of
CKM matrix elements are input parameters from Ref.
[29]
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[Vl = 0.97420 +0.00021, [V, = 0.2243 +0.0005,
[Vl = 0.00394 +0.00036, |V,q| =0.218+0.004,
[Vesl = 0.997 £0.017, [Vep| = 0.0422 +0.0008 . )

The remaining parameters in the decay amplitude for-
mulas are the meson decay constants and transition form
factors. The meson decay constants are measured by ex-
periments or calculated by theoretical approaches, such as
the covariant light front approach [30], light-front holo-
graphic QCD [31], light-cone sum rules [32, 33], and
QCD sum rules [34, 35]. We show their values in Table
las an average from PDG [29].

The transition form factors of B meson decays are
usually measured via the semileptonic B decay modes to-
gether with the CKM matrix elements. Theoretically, they
are calculated in various approaches: the constitute quark
model and light cone quark model [36—41], covariant
light front approach (LFQM) [30, 42, 43], light-cone sum
rules [33, 44— 66], PQCD [67- 76] and lattice QCD
[77-79]. We combine these results and use the average of
the transition form factors of B meson decays at g*> = 0,
shown in Table 2. The ¢*> dependence of the transition
form factors of B meson decays are described with the di-
pole parametrization,

Fi(0)
Fi(q*) = - —. ©)
1- (03] ) +ay q4
M
pole pole

where F; denotes the form factors Fy, Fy, or Ay, while
Mo 1s the mass of the corresponding pole state, such as
By for Ao, and Bjs) for Fo. ¢> of charmless B meson de-
cays is not far from zero, thus the uncertainties of the di-
pole model parameters are neglected in our calculations.
The dipole model parameters are also listed in Table 2.
To minimize the statistical uncertainties, we use the
maximum number of experimental observables of the
B — PP, PV decays. However, some of them were meas-
ured with very poor precision. Hence, we do not use in
our fit those measurements with less than a 3o signific-
ance. As a result, we have a total of 37 branching ratios
and 11 CP violation observations for the B — pp, PV de-
cays shown in Table 3 and Table 4, respectively, taken

from the experimental data in Ref. [29], and the 2019 by
averaging the measurements from LHCb [80- 82],
BELLE [83] and BABAR [84] and so on.

We use the y? fit method of the Minuit program [85],
where the y? function is defined in terms of n experiment-
al observables x; + Ax; and the corresponding theoretical
values x as

i

nolodh )2

2 i !
= . 10
X ;1( A ] (10)

The theoretical values are written as functions of the
15 theoretical parameters of the topological amplitudes.
The best fit parameters are

y =(69.8+2.1)°,

¥€ =0.41+0.06,
¥© =0.40+0.17,

xE =0.06+0.006,
¥F =0.09+0.003,
xFe=0.045+0.003,
¥Pe=0.037+0.003,
xF+=0.006 +0.0008,

¢€ =—1.74+0.09,

¢¢ =1.78+0.10,
#F =2.76+0.13,

» (11)
" =2.55+0.03,
¢Fc=1.53+0.08,

¢"e=0.67+0.08,
¢Pr = 1.49+0.09,

with y?/d.o.f=45.4/33 =1.4. The uncertainties of the
parameters shown above are given by the y? fit program
Minuit, and are mainly due to the experimental statistical
and systematic uncertainties. There are also theoretical
uncertainties of the extracted y values. The major source
of theoretical uncertainties in our calculations are the un-
certainties of the input parameters: |V,|, |V |, hadronic
form factors and decay constants. We repeated the fit by
varying the input parameters one by one assuming their
Gaussian distribution. The theoretical uncertainties of y
were then assessed using the distribution of the central
values of y form these fits. The values of the theoretical
uncertainty o(r, obtained are 0.2°, 0.2°, 0.9° and 0.1° from
the uncertainties of |V,;|,|V,s|, form factors and decay con-
stants, respectively. The total theoretical uncertainty is
0.9°. Our final result for y is then (69.8 +2.1 +0.9)°, which
is in good agreement with the current world averages:

y = (7119 [5], y = (73.542)° [6] and y = (70.0 £4.2)°

Table 1. The decay constants of light pseudo-scalar mesons and vector mesons (in unit of MeV).

Jr Jx fB

f;) fK* fw f¢

130.2+1.7 155.6+0.4 190.9 +4.1

213+11

220+11 192+ 10 225+11

Table 2. The transition form factors of B meson decays at g> = 0 and dipole model parameters.

F(z)?ﬁn Fgak Fg*nq F]Bﬂlr FlB*?K Ff_”lq Ag—m Ag”“’ Ag—ﬂ(*
Fi(0) 0.28 £0.03 0.31+0.03 0.21+0.02 0.28 £0.03 0.31+£0.03 0.21+£0.02 0.36 +0.04 0.32+0.03 0.39+0.04
ay 0.50 0.53 0.52 0.52 0.54 1.43 1.56 1.60 1.51
a2 -0.13 -0.13 0 0.45 0.50 0.41 0.17 0.22 0.14
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Table 3. Branching fractions (x107%) of the various B — PP, PV decay modes with the decay amplitudes listed in the second column.

Mode Amplitudes Exp Mode Amplitudes Exp
70 T,C,Prw 5.5+04 ntp” T,E,P,(Pg),Pa 14.6+1.6
n T,C,P,Pc,Pgw 4.02+0.27 7 p* T,.E,P,(PE) 84=+1.1
n T,C,P,Pc,Prwy 2.7+0.9 7900 C,C’,E,P,Pa,(PE), PEw 2+0.5
ntn” T,E,(Pg),P 5.12+0.19 K0 P,Py 10.1+£0.9
70r0 C.E,P,(Pg), Pgw 1.59+0.26 nOK*~ T,C,P,Pa,Ppw 8.2+1.9
K K° P 1.31+0.17 nkK*~ T,C,P,Pc,Pa,PEw 193+1.6
KOKO P 1.21+0.16 K=p° T,C’,P,Pgw 3.7+05
7 KO P 23.7+0.8 K w T,C",P,P.,PEw 6.5+0.4
K- T,C,P,Ppw 129405 K¢ P.P_,P4,PEw 8.8707
nK~ T,C,P,Pc,PEw 2404 KOp~ P 73419
nK™ T,C,P,Pc,Prw 70.6+2.5 t K T,P,Py 8.4+0.8
K~ T,P 19.6+0.5 20 K0 C,P,P4,PEw 33+0.6
KO0 C.P,Pgw 9.9+0.5 nkK*0 C,P,Pc,Ps,Pew 15.9+1
nKO C,P,Pc,Pgw 1.235027 7 K*0 C,P,Pc,P,Ps, Pw 2.8+0.6
n KO C,P,Pc,Pry 66+4 Kp* T,P 7+0.9
= p? T,C’,P,Ps,Prw 83+1.2 K0p0 C'.P,Pgw 47+0.6
Tw T,C’,P,Pg,Pa, PEw 6.9+0.5 KO C',P,P;, PEw 4.8+04
7%~ T,C,P,Ps, Ppw 109+ 1.4 K¢ P,Pi,Ps, PEw 7.3+0.7
np T,C,P,Pc,Pa,PEw 9.7+2.2
Table 4. The direct CP asymmetries (Aexp) and the mixing-induced CP asymmetries ( Sexp) in the B — PP, PV decays.

Mode Aexp Sexp Mode Aexp Sexp
ntn 0.31+0.05 —0.67+0.06 K,w 0.7+0.21

K, 0.58+0.17 K¢ 0.59+0.14

7 Ky 0.63+0.06 Kp° 0.37+0.10

nkK~ —0.37+0.08 atK* —0.22+0.06

atK~ —0.082+0.006 7,](_*0 0.19+0.05

[7], and the latest measurement of (74.0*39)° by the LH-
Cb collaboration [8]. It is obvious that our uncertainties
of y are reduced to roughly a half of the uncertainties of

the world-average values.
4 Conclusion

The charmless B meson decays receive contributions
from the tree amplitudes and the loop penguin amp-
litudes. The interference between these amplitudes makes
the branching ratios of these decay modes sensitive to the
CKM angles, where large direct CP asymmetries are ob-
served. Since non-perturbative dynamics is involved, the
hadronic matrix elements of these decays are difficult to
calculate precisely. We parametrized the decay amp-
litudes of the topological diagrams, which can be fitted
by the experimentally measured quantities, such as the

branching ratios and CP asymmetry parameters. To im-
prove the precision of the global fit, we factorized the
corresponding decay constants and form factors in order
to characterize the flavor SU(3) breaking effect. We ex-
tracted the CKM weak angle y using the measured two-
body charmless B — pp, PV decays in the factorization
assisted topological amplitude approach. The value ob-
tained is (69.8 £2.1+0.9)°, where the first uncertainty is
from the experimental errors and the second from the
hadronic parameters and CKM matrix elements. This res-
ult is compatible with the current world average values
and the latest measurement of (74.0%39)° by the LHCb

3
collaboration, but has a smaller uncertainty.

We are grateful to Wen-Bin Qian and Xiao-Rui Lyu
for useful discussion.
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