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Abstract: Flavor SU(3) analysis of B meson charmless hadronic two light pseudoscalar decays can be formulated in
two different ways. One is to construct the SU(3) irreducible representation amplitude (IRA) according to effective
Hamiltonian transformation properties, and the other is to draw the topological diagrams (TDA). We first point
out that previous analyses of TDA and IRA approaches do not match in several aspects, in particular a few SU(3)
independent amplitudes have been overlooked in the TDA approach. This has caused confusions in the past and
sometimes resulted in incorrect interpretation of data. We then demonstrate that only if these amplitudes are
included, a consistent and unified picture can be obtained. With the new TDA amplitudes, all charmless hadronic
decays of heavy meson must have nonzero direct CP symmetries as already predicted by the IRA approach. In
addition to their notable impact on CP asymmetry, the new amplitudes are also important to extract new physics

information.
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1 Introduction

Charmless hadronic B to two light pseudoscalar de-
cays provide an ideal platform to extract the CKM ma-
trix elements, test the standard model description of
CP violation and look for new physics effects beyond
the standard model (SM). Experimentally, quite a num-
ber of physical observables like branching fractions, CP
asymmetries and polarizations have been precisely mea-
sured by experiments at the electron-position colliders
and hadron colliders. For a collection of these results,
please see Refs. [1, 2]. On the other hand, theoreti-
cal calculations of decay amplitudes greatly rely on the
factorization ansatz. Depending on explicit realizations
of factorization, several QCD-based dynamic approaches
have been established, such as QCDF [3, 4], PQCD [5-
7], SCET [8, 9]. Apart from factorization approaches,
the flavor SU(3) symmetry has been also wildly used in
two-body and three-body heavy meson decays [10-23].
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An advantage of this method is its independence on the
detailed dynamics in factorization. Since the SU(3) in-
variant amplitudes can be determined by fitting the data,
the SU(3) analysis provides a bridge between experimen-
tal data and the dynamic approaches.

In the literature, the SU(3) analysis has been formu-
lated in two distinct ways. One is to derive the decay
amplitudes correspond to various topological diagrams
(TDA) [16-21], and another is to construct the SU(3) ir-
reducible representation amplitude (IRA) by decompos-
ing effective Hamiltonian according to irreducible repre-
sentations [11-15]. These two methods should give the
same physical results in the SU(3) limit when all relevant
contributions are taken into account. However, as we
will show we find that previous analyses in the literature
using these two methods do not match consistently in
several ways, in particular a few SU(3) independent am-
plitudes have been overlooked in the TDA approach for a
heavy meson decaying into two light pseudoscalar SU(3)
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octet (or U(3) nonet) mesons. In this work, we carry
out a systematic analysis and identify possible missing
amplitudes in order to establish the consistence between
the RRA and TDA approaches. We find that these new
amplitudes are sizable and may affect direct CP asymme-
tries in some channels significantly. An important con-
sequence of the inclusion of these amplitudes is that for
any charmless hadronic decay of heavy mesons, the di-
rect CP symmetry cannot be identically zero, though in
some cases it is tiny.

The rest of this paper is organized as follows. In
Sec. 2, we introduce the SU(3) analysis using the TDA
and TRA approaches. We summarize those amplitudes
already discussed in the literature. In Sec. 3, we first
point out the mismatch problem, and then identify those
missed amplitudes. The complete sets of SU(3) indepen-
dent amplitudes in both TRA and TDA approaches will
be given to establish equivalence of these two approaches.
In Sec. 4, we include the missing amplitudes to discuss
the implications for hadronic charmless decays of B and
D and draw our conclusions.

2 Basics for IRA and TDA approaches

2.1 SU(3) structure

We start with the electroweak effective Lagrangian
for hadronic charmless B meson decays in the SM. The
Hamiltonian H.g responsible for such kind of decays at
one loop level in electroweak interactions is given by [24—
26]:

Hep = ﬁ{vubvu*q [€10:+C20]

10
—V Vi, [ZQOZ—] }+h.c., (1)
1=3

where O; is a four-quark operator or a moment type op-
erator. The four-quark operators O; are given as follows:

0, = (tiiuj)va(ﬂjbi)va,
Oy = (qu)v_a(tb)y_a,

O3 = (qb)vaZ(q/q/)vav
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Os = (‘?b)vaZ(‘Tq/)vwh

q
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q

3, i 1 i
Os = 5((753)\/%2/6(/@](1 Jvras
q
3 1
Oy = §(qb)V,AZeq/(q q')v-a
q/
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q

In the above the ¢ denotes a d quark for the b—d
transition or an s quark for the b — s transition, while
q'=u,d,s.

At the hadron level, QCD penguin operators behave
as the 3 representation while tree and electroweak pen-
guin operators can be decomposed in terms of a vector
Hs, a traceless tensor antisymmetric in upper indices,
Hg, and a traceless tensor symmetric in upper indices,
Hsyg. For the AS=0(b—d) decays, the non-zero compo-
nents of the effective Hamiltonian are [11, 14, 15]:

(H3)2 =1,
(Hs)y* = —(Ho)7' =(Hs)3*=—(Heo)3*=1,
2(Hzs),” = 2(Hys)y' =—3(Hrs)3" =—6(H55)3°
= —6(Hz)3*=6, (3)

and all other remaining entries are zero. For the AS=
—1(b—s) decays the nonzero entries in the Hz, Hg, Hig
can be obtained from Eq. (3) with the exchange 2 <+ 3
corresponding to the d+<+s exchange.

The above Hamiltonian can induce a B; meson to de-
cay into two light pseudoscalar nonet M} mesons. There
are three B mesons (B;) = (B(bu),B(bd),B(bs)) which
form a flavor SU(3) fundamental representation 3. The
light pseudoscalar mesons M ; contain nine hadrons:

0
T S

— K+
ViE
. _ 7t UK 0
i) = ——t—
_ -0 78
K K o
V6
m 0 0
1
+ﬁ 0m 0|, (4)
O O 1,

The first term forms an SU(3) octet and the second term
is a singlet. Grouping them together it is a nonet of
U(3). It is similar for other light mesons, like the vector
or axial-vector mesons.

2.2 Irreducible Representation Amplitudes

To obtain irreducible representation amplitudes for
B— PP (P is an element in M) decays, one takes the
various representations in Eq. (3) and uses one B; and
light meson M ; to contract all indices in the following
manner
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APS = AFBi(Hs)' (M)3(M);+C5 By(M

+Ag Bi(H)i! (M) (M)} +Cq Bi(M
+ALBi(Hs)}! (M)} (M

J

There also exist the penguin amplitudes AL** which
can be obtained by the replacements AT — AP BT — BF,
Cr—CF and DT —DF (i=3,6,15).

Expanding the above AF* | one obtains B— PP am-
plitudes in the first two columns in Tables 1 and 2. No-
tice that the amplitude A7 can be absorbed into Bf and
C7 with the following redefinition:

Cl'=CI - AT, BY'=BJ+ AL, (6)

Thus we have 18 (tree and penguin contribute 9 each)
SU(3) independent complex amplitudes. Since the phase
of one amplitude can be freely chosen, there are 35 in-
dependent parameters to describe the two-body B— PP
decays. If one also considers n—n’ (or 7g—7; ) mixing, one
more parameter, the mixing angle 6, is requested making
total 36 independent parameters.

2.3 Topological diagram amplitudes

The topological diagram amplitudes are obtained by
diagrams which connect initial and final states by quark
lines as shown in Fig. 1 with vertices determined by the
operators in Eq. (2). As shown in many references for
instance Ref. [21], they are classified as follows:

1) T denoting the color-allowed tree amplitude with
W emission;

2) C, denoting the color-suppressed tree diagram;
3) E denoting the W-exchange diagram;

4) P, corresponding to the QCD penguin contribu-
tions;

5) S, being the flavor singlet QCD penguin;

6) Prw, the electroweak penguin.

);(M);.(Hs)"+B5 Bi(Hs)' (M
)5 (He ) (M);
)i +C15Bi (M) (H:

(a) (0)
Fig. 1.

V(MDY BL(M Y} (H3) (M)}
+BY B(Ho) (M)} (M),
(M + B B (Hs)Y (M) (M), (5)

| In addition, there exists annihilation diagrams, usually
abbreviated as A. In Fig. 1, we have only shown the dia-
grams for tree operators, and those for penguin operators
can be derived similarly.

The electroweak penguins contain the color-favored
contribution Pgw and the color-suppressed one Pg,.
The electroweak penguin operators can be re-expressed
as:

p P 1_ 1 1
qb E ¢qq ¢ =qbuu—3qb E 7q, (7)
q

where the second part can be incorporated into the pen-
guins transforming as a 3 of SU(3). The contribution
from gbuu is similar to tree operators, and thus we will
use the symbol Pr and Py to denote this electro-weak
penguin contribution. The qbzq, ¢ q is a flavor triplet
whose contribution P’; as far as flavor SU(3) structure
is concerned, can be absorbed into penguin contribution.
We can write

1 1.,
——P',PSy=P.—=P°. (8)

Pew=P.
ew =13 3

The three penguin type of amplitudes P, P’ and P'C, can
be grouped together. We can redefine P by P+P'+P'C.

Actually these TDAs can be derived in a similar way
as done for IRAs earlier by indicating guab (omitting
the Lorentz indices ) by H,’. For AS=0, the non-zero
elements are H}?=1 and for AS=—1, H}*=1. The pen-
guin contribution (including P, P’ and P'C) is an SU(3)
triplet H* with H>=1 for the b— d transition and H?
for the b — s transition. Eq. (7) implies that the loop
induced term proportional to V;; Vi, has both H;’ and
H'. Note that H,’ is no longer traceless.

(color online) Topological diagrams induced by tree amplitudes. The four panels denote: the color-allowed

tree amplitude ('), color-suppressed tree amplitude (C'), annihilation (A), and W-exchange (E).
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Table 1.

Decay amplitudes for two-body B decays induced by the b— d transition. Only tree amplitudes whose
CKM matrix elements are V,;,V,;; are shown, while penguin amplitudes can be obtained by the replacement given

in Eq. (16

channel IRA TDA

B~ —n0n~ 4V2CEL %(C—l—T)

B~ =g V2 (AT +34%,+CF —CT+30T;) L (2A+C+2PU4T)

B~ —mm f(2AT+6A s+3BT+9BE +2CT+CT+3CE+3DT) f(2A+C+3A +2P¥+3S%+T)
B~ KK~ AT +3AT +CcT-cF-Cf; A4P
B sntne 2AT — AT+ AT T +CT+3CT, E+PU42P4+T

B° 070 24T — AT+ AT, +CT +CT —5CT, ~C+E+P"“+2P}

B 5nOns (- AT 454, —CT+CT+CF) Z5(E—PY)
B’ 5nOn —J5 2AF —10AT;+3B] ~15B], +20f +Cf —5CT;+3D7) 5 (3B +2E—2P"—35")
B S KTK- 2(AT+ATL) E+2PY
B’ KR’ 2AT + AT 34T, +c3 —cf-ct, Pu42PY
B —nsns 2AT+AT - AT, +.——cT+cT 2 (C+E+P"+6PY)
B s 5 f( 6AT+64T,—9BT +9BL. +2CT —3CT +3CT . +3DT) 3 \/_(3E“+2C+2E+2P“+3S“)
B —mm 2 (3AT4+9BT+cT+3DY) 2 (BEY+C+E+P"“+3P4+35"+95Y)
BY 5 n0KO 25 (AT +A%—CF —CT+5CT) 25(C—PY)
B K+ —AT AT, +cT+CT+3Ch, PU+T
BY KO 5 (AT +AT—CT —CT+5CF) 2= (C—PY)
B KO — 2 AT +2AT, +3BL +3BT, —2CT +Cf +CT,—3DY) 1 (C+2P+35")

Table 2

Decay amplitudes for two-body B decays induced by the b — s transition. Only tree amplitudes whose

CKM matrix elements are V,,;,V,;, are shown, while penguin amplitudes can be obtained by the replacement given

2 (34T +9BT+CT+3DY)

in Eq. (16).

channel IRA TDA
B~ —m0K~ \}_(AT+3A +CT -t +70%) %(A+C+P“+T)
B~ >n K’ AT4+3AT ycT—cT—CF, A+pu
B~ =K ng (AT+3A +cT-cf-ack) %(—A+C—P“+T)
B~ —=K™m (2AT+6A s+3BT+9BL +20T+CT+3CT, +3DT) %(2A+C+3E§+2P“+35“+T)
B’ st K- —AT AT +CT+CT+3CT, PU4+T
B’ 50K’ L (AT +AT,—CT —-CT+5C) 5 (C—PY)
B’ K s (AT +AT,—CF -CT+5CT,) Js(C—PY)
B’ K - 3= (AT +24%,+3BT +3B%, —20T +CT +CF —3DY) L (C+2P +35Y)
Bo ot 2(AT+AT) E+2PY
B —n0n0 2(AT+AT,) E+2PY
B0, —\/2 (248 ~4AT,+3BT ~6BT,+CF -2 - (3BY+C+2E)
B KTK- 2AT — AT+ AT +CT +CT+3CT, E+PU+2P4+T
-0 —0
B,—»K'K 2AT+ AT 34T +CcT-cT-Cf putopy
Bo—nsms 2AT 24T, + 1% _4CT, L(—2C+E+4P " +6PY)
Bo—nsm iv2 (6A15+9B§‘5—2C3 +3CT,—3DT) — 525 (-3B4+C—2E+4P 465"
-0
Bs_>771771

2 (BEY+C+E+PU+3P4+35"+95Y)
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The tree amplitude is given as
AfPA=TxBy(M) H{' (M)} +CxB;(M) H (M)}
+AXB; H”(M) (M);+EXB, H“(M) (M),

(9)

while the penguin amplitude is given as:

ATPA = PxB;(M):(M),H"+SxB;(M). H (M)},
+Pax BiH' (M)} (M)} +PrxBy(M); Hl'(M);
+PoxB;(M).H; (M) . (10)

Expanding Eq. (9) in the above and Eq. (12) to be
given in the following, we obtain the decay amplitudes
for B— PP in the third column in Tables 1 and 2. It
is necessary to point out that the singlet contribution
in the form M/ requires multi-gluon exchanges. One
might naively think that its contributions are small com-
pared with other contributions because more gluons are
exchanged. However, at energy scale of B decays, the
strong couplings are not necessarily very small resulting
in non-negligible contributions. One should include them
for a complete analysis.

3 Mismatch and equivalence

From previous discussions, one can see that the total
decay amplitudes for B— PP decays for IRA and TDA

can be written as
AIRA —

ATDA —

Vo Vi ARV, Vi AR
Vi Vi APV Vi ATPA. (11)

For the amplitudes given in the previous section, it is
clear that for both A} and A7, the amplitudes do not have
the same number of independent parameters: there are
18 independent complex amplitudes in the TRA, while
only 9 amplitudes are included in the TDA. There seems
to be a mismatch between the IRA and TDA approaches.
However since both approaches are rooted in the same
basis, the same physical results should be obtained. It is
anticipated that some amplitudes have been missed and
must be added.

A close inspection shows that several topological di-
agrams were not included in the previous TDA analysis.
For the tree amplitudes we show the relevant diagrams
in Fig. 2. The missing penguin diagrams can be obtained
similarly. Since there are electroweak penguin operator
contributions, as far as the SU(3) irreducible compo-
nents are concerned, the effective Hamiltonian have the
same SU(3) structure as the tree contributions. Taking
these contributions into account, we have the following
topological amplitudes:

ATPA = §“B,(M).H (M)f+P"B,(M
+PyBHI (M), (M):+S4B
+E¢BH]' (M) (M) +ASB

);(M
(M) (M )

HP (M) (M),
(12)

)it
)j

v P
Pt St !

4

u
5§

éé -

(d)
Fig. 2.

M
_ U U
u

(f)

(color online) Typical diagrams for the newly 1ntroduced amplitudes in Eq. (12). The crossed vertex denotes

the wu annihilation and the creation of two or more gluons.
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I (ML(M)F
B;H]" (M)} (M);;
(13)

AN = SLBE(M)(M)+A'B
+E'B;H{' (M)} (M) +E5B
+ALBH (M) (M)}

The mismatch problem can be partly traced to the fact
that H,? defined in the TDA analysis is not traceless,
that is H #0. Because of this fact, B, and the two
M can contract with H} to form SU(3) invariant am-
plitudes and also the trace for M} is not zero when 7,
is included in the final states. While in the previous
discussions, these terms are missed.

One can expand the above new terms to obtain the
results for tree amplitudes in Tables 1 and 2. With these
new amplitudes at hand, one can derive the relation be-
tween the two sets of amplitudes:

A 3E . . 3Ei—Av

Aér = 8+ 3 +Py, B;;F:SS—I—%,

1
CT = §(3A—C—E+3T)+Pu,

1

DI = S“+§(3C—Eg+3Ag—T),

1 1
Bl = Z(A—E—i—A”;—Eg), CgT:Z(—A—(H—E—i—T),

A+E ALtEY C+T
an = 22 pr=tslEanst g

Here we have absorbed the A into B and C{*. In the
appendix, we give a direct derivation of relations between
IRA and TDA amplitudes, in which the amplitude AY is
kept.

Naively there are total 10 tree amplitudes and 10 pen-
guin amplitudes defined in Eq. (9,12). However, only 9
of the 10 tree amplitudes are independent. Choosing the
option to eliminate the W-exchange E, we can express
the TDA amplitudes in terms of the IRA ones:

TH+E = 4AT,+2C¢" +4C7;

15

C—FE = —4A%, 20" +4CT,

A+E = 8AT,, P'—E=—5AT+CT-C/"-C%,
P;H_g = AT+ AT, Ei4E=4AT, 2B +4B%,
AL—FE = —4AT.+2B;"+4B];,

Sg—g = —2AT.+BI+B/"—Bl,

S“+E = 4A1.—B'—-BL.+C{"-CL+DYI. (15)

The analysis of penguin contributions is similar with

the replacement for TDA amplitudes:
T—Pr,C—Ps, A=A, P*—-P E—~E",
Py — Py, Es—EL AL— AL Ss— S5, 5" —S. (16)

From the above discussions we see that the two sets of
amplitudes in IRA and TDA can be mutually expressed
by each other. The IRA and TDA approaches are com-
pletely equivalent. As long as all amplitudes are taken
into account in the analysis, they give the same results
for B— PP decays, and we expect the equivalence for
other decaysV.

4 Discussions and conclusions

We now make a few remarks about our results ob-
tained.

Several missing terms in the TDA analysis involve the
trace M j The trace actually singles out the singlet in
the nonet representation M. To have a color singlet in
the diagram shown in Figs. 1 and 2, the single MJJ need to
exchange two or more gluons. As pointed out earlier that
these contributions are expected to be small compared
with other contributions. However, at energy scale of
B decays, the strong couplings are not necessarily very
small resulting in non-negligible contributions. Terms
associated with the trace H}” actually can be thought of
as turning the tree operator into penguin operator with
u quark exchange in the loop whose Wilson coefficient
contains the large logarithms In(p/m,,) which can also
make non-negligible contributions. One should include
them for a complete analysis.

Recently, Ref. [15] has performed a fit of B— PP de-
cays in the IRA scheme. Depending on various options
to use the data, four cases are considered in Ref. [15]. As
an example, we quote the results in their case 4:

|CT| = —0.21140.027,
67 = (—140+6)°,
|BL| = —0.038£0.016,

Oz = (T8+48)°, (17)

where the magnitudes and strong phases relative to C¥
have been given. From Eq. (14), one can see that the C7
is a combination of color-allowed tree T, color-suppressed
tree amplitude C' and others while the BL corresponds
to (A%+Trs)/8 in TDA approach. The fitted result in
Eq. (17) indicates that compared to Cf, the BL can
reach 20% in magnitude, and more importantly, the
strong phases are different significantly. The BT, equiv-
alently A% and Trg, have non-negligible contributions
supporting our call for a complete analysis. With more
and more accurate data for B— PP from experiments,

1) In a recent study [27], TDA amplitudes have been obtained. However, the independence of amplitudes is not discussed in TDA

approach.
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one can now carry out a more careful analysis to obtain
the amplitudes and derive implications for model calcu-
lations of the relevant amplitudes.

Without the new contributions in the TDA analysis,
some of the amplitudes only have terms proportional to
Vi Viy, such as B’ — K°K® and B, — K°K°. In Ref. [21],
the amplitudes for B’ — K°K° are given as

_ ) 1
AB S K°KO)=V, V" (P—§P§W+2PA) . (18)

where in our work, we have observed the electro-weak
penguin into the QCD penguin amplitudes. This im-
plies that CP violation in these two decays are identically
zero. However, these two decay modes receive contribu-
tions from the new terms P*+2P} which is multiplied
by Ve Vun:

AB" 5 K°K°) =V, V. (P +2PY)+V, Vo (P+2P,).
(19)

In principle they can have non-zero CP violation. There-
fore if one takes into account the missing tree and pen-
guin amplitudes, an important consequence is that no
charmless and hadronic B decay channel has a vanishing
direct CP asymmetry.

Flavor SU(3) symmetry is an approximate symmetry,
and symmetry breaking sources exist in QCD, mostly
caused by the unequal masses for the light u,d,s quarks.
How SU(3) breaking effect manifest itself is not com-
pletely clear. Experimental data [2, 28] for B’ K-mt
and B,— K*m~ agree with relations predicted for these
two modes under SU (3) symmetry [13, 29]. A more con-
clusive analysis is inevitable in light of the large amount
of data from Belle IT [30] and LHCb [31] in future. One
should keep in mind that for such an appropriate anal-
ysis of SU(3) symmetry breaking, one must take into

Appendix A

A derivation of decomposition

Using O1? =abdu as an example, we have the decomposi-
tion of tree operator:

O = L0rs+705-205+ 205, (A1)
with
O1s = 3ubdu+dbiu—2dbdd—sbds—dbss,
Os¢ = ubdu—dbud—sbds+dbss,
O3 = dbuu+dbdd+dbss,
O3/ = ubdu-+dbdd+3bds. (A2)

account all the above amplitudes, otherwise, the missing
amplitudes will be disguised as symmetry breaking ef-
fects. As we have shown above, the modification due to
the missing amplitudes can reach 20%, which is compa-
rable with the generic SU(3) symmetry breaking effects.
Thus the additional TDAs must be treated carefully to
correctly interpret the data.

Our analysis is also applicable to other decay chan-
nels of heavy mesons and baryons. In the appendix, we
give a discussion on the D meson decays. For charm
quark decay, penguin operators are often negligible and
the 3 representation does not contribute either. So there
are five independent tree amplitudes, while in TDA only
four amplitudes, T,C,F, A, are used for the global fit.

In summary, we have carried out an analysis com-
paring two different approaches, the irreducible repre-
sentation amplitude and topological diagram amplitude,
to study B— PP decays. We find that previous analyses
in the literature using these two methods do not match
consistently in several ways. A few SU(3) independent
amplitudes have been overlooked in the TDA approach.
Taking these new amplitudes into account, we find a
consistent description in both approaches. These new
amplitudes can affect direct CP asymmetries in some
channels significantly. A consequence is that for any
charmless hadronic decays of heavy mesons, the direct
CP symmetry cannot be identically zero. With more
data become available, we can have a a better under-
standing of the role of flavor SU(3) symmetry in B
decays.

The authors are grateful to Cheng-Wei Chiang for
useful discussions and valuable comments. We thank
Martin Beneke, Cai-Dian Lt and Ulrich Nierste for use-
ful discussions. WW thanks the hospitality from NCTS
when this work was finalized.

It implies:
i _ 1 ij Lo vig_ Lo vigi 3 jgi
Hy! =2 (Hg)il +7 (He)i — 5 (H5) 0y + g (Hy ) 0k (A3)

Substituting this expression into the amplitude T for in-
stance, we have

Tx Bi(M).H] (M)} =T x B;( M)’ (M)}

1

1 1 . . 3 .
(o (e — () Bl 3 H2)'6] ) (M)
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contributing to

1
Cl = -T+...
15 3 +.
1
T _ —
Cﬁ = 4T+...7
3
CT =T+
3 8 + )
T 1
D3 = _§T+.... (A5)

Others TDA amplitudes can be analyzed similarly, and thus
one has
A 3FE

A=y 27 py
3 8+ 3 +Pa,

L 3EY_AY
Bg:ss+%7

C’g:é(3A—C—E+3T)+P“7 D§:S"+é(3C—E’§+3Ag—T)7

AT=1(A-E), BY=1(A%-E),
cf=q(-o+1), ah=2E,
BﬂzAg‘gEg 7 c{,:C;T. (A6)
The inverse relation is given as:
T = 204 +4C15,C=4CTs—2C¢
A = 24F +4Af E=4AT 24T,
P* = —A§ —A{s+C5 —Cg —C1;,
Py = AT+ AL - AT, Et=4BT,—2B{,
A% = 2B§ +4Bis,
S§ = Bi +B; —Bis,
S" = —B{ —Bi5+C4 —C{5+D3 . (A7)

From the expansion of IRA amplitudes, one can notice that
the A% can be absorbed into B and CY.

D meson decays

The effective Hamiltonian for charm quark decay is given
as

M = T VeVl 10T+ Ca03 ViVl 01 014208
+Ves Vs [C105°4+C205° 14+ Vea Vil [C1OF° +C2 0571},
(A8)
where
o3
%

[y (1=75 )] [@* " (1—s)d’],
[57u (1=s)e][ay" (1—5)d],

(A9)

and other operators can be obtained by replacing the
d,s quark fields. In the above equations, we have neglected
the highly-suppressed penguin contributions. Tree operators

transform under the flavor SU(3) symmetry as 3@3®3 =
3®3@6415. For the c— sud transition, we have

(He)3'=—(He)s* =1, (H)3'=(Hys)3°=1, (A10)

while for the doubly Cabibbo suppressed ¢— dus transition,
we have

(Ho)3'=—(Hs)s"=—sin’0c, (H5)3 =(Hrs)s =—sin’Oc.
(A11)

The CKM matrix elements for ¢— udd and ¢ — u3s transi-
tions are approximately equal in magnitude but different in
sign: VeaViy=—Ves V=V Vi = =Ves Vi (accurate at 1073).
With both contributions, the contributions from the 3 repre-
sentation vanish, and one has the nonzero components:

(He)3'=—(He)3 =(He)2"=—(Hs)3' =sin(0c),
(His)3' =(Hys)s' =—(Hs)s" =—(Hs)3 =sin(0c). (A12)

A few remarks are in order.

1) The expanded amplitudes are given in Tab. Al for
Cabibbo-allowed channels, Tab. A2 for singly Cabibbo-
suppressed modes, and Tab. A3 for doubly Cabibbo-
suppressed decay channels.

2) One can derive the following relations between the two
sets of amplitudes:

1 1 1

Af = 5(A-E), Als=3(A+E), B; =5 (As—Es),
T 1 r 1 T _1

Bis = 5(AS+ES)7O6 :§(T—C)7015:§(T+C)'

(A13)
The superscript u has been dropped for charm quark
decays.

3) The amplitudes AT can be incorporated in B’ and
C¥’, and then we have

ATy = 3a+B),
B — %(AS—E5+A—E)7Bﬂ:%(As—s-ESL
or = %(T—C—A—&—E),C’ﬂ:%(T—kCL (A14)
with the inverse relation:
T = Als+C§ +Cl5—E,
C = —AL—ci' +ChL+E,
A = 24A%—F,
As = —Al+B{ + B 4E,
Es = AL —B{"+BL.—F. (A15)

One of the amplitudes T',C, A, E [32, 33] is not indepen-
dent, and we have eliminated E in the above equations.
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Table Al. Decay amplitudes for two-body Cabibblo-Allowed D decays.
channel IRA TDA
DO —mt K~ — AT+ AT +CoT+CL E+T
DO K’ I (AT -AT,-CT+CF) 25 (C—E)
DO K L (AT -AT,—cT+CF) 2=(C—E)
DK m 2 (—247+24%,-3BT +3BT,—CT+CF) 7(3ES+C+2E)
Dt 5t R’ 2075 +T
D =t V2 (AT +AT,~CT —CT,) \/g (A-T)
+
Df -ty %(2AT +24%,+3BT +3BL +CT+CL) %(2A+3E5+T)
Df 5 K+K’ AT+ AT, —cT+CF A+C
Table A2. Decay amplitudes for two-body Singly Cabibblo-Suppressed D decays.
channel IRA TDA
DO —mtq sinfc (AF—AT,—cT-CL) —sinfc (B+T)
DO —70n0 sinfo (AF—AL,—CcT+CL) sinfc(C—E)
DY 799 - %sinﬁc (AF-AL—cT+cL) %sinec(E—C’)
DO 7O —psinfc (245 —2AT; +3Bf —3B1;+C§ —CT;) Jgsinfo (3Es+C+2E)
DY KtK— sinfc (—AF+AT+CcT+CE) sinfc (E+T)
D% —ngns —sinfc (AF —AT,—-CcT+CE) sinfc (E—C)
DO —ngm %sin@c (24F —2AT. +3BY —3BL +C¥ -CL}) —%sin60(3E5+C+2E)
Dt —mtn0 V2sinfcCL %sin@c(c-l—T)
Dt = mtng —f sinfc (AT +AT,—CT+2C7,) — Losinfo (24+3C+T)
Dt —mty —TSIHQC (2AF +2AT, +3BE +3BL +CE+CL) —%sin@c(2A+3As+T)
DY K+K’ —sinfc (AT +AT,—cT —CL) sinfc (T—A)
Df —nt KO sinfc (A3 +AT,—CT —-Cf) sinfc (A-T)
Df »nOK+ —gsinfo (Af +AT; ~CF +CT;) —5sinfo (A+C)

D s Ktng —Tsm90 (AT +AT,—cT+5CE) —%sin@c(A+3C+2T)
Df - K*tm —smec (247 +2AT,+3BY +3BT,+CcF +Ck) %sinec@A—i—SAs—i—T)
Table A3. Decay amplitudes for two-body Doubly Cabibblo-Suppressed D decays.

channel IRA TDA

DO —nOKO ——gsin®bc (A7 - AT, -Cf +C15) —5sin®0c(C~E)
DO —sn K+ —sin?0c (—AT+AL+Ccl+CL) —sin20c(E+T)
D°— K94 ——gsin®fc (AF - Al -Cf +C1;) — Jgsin®0c(C-E)
DO — KOy J5sin®0c (24 247 +3B] —3B{;+C{ —C1;) —55in*0c (3Es+C+2E)
Dt —»nt KO —sin?0¢ (AT +AT,—CcT+Cf;) —sin?0c (A+C)

Dt —n0K+ ——gsin®fc (AF +AL,-Cf -Cfy) —5sin?0c(A-T)
DT Kt \}ésmzﬁc (AT +AT —cf-ck) —%sinzﬁc(T—A)
Dt KTy —\%SanGC (2AF +2AT.+3BT +3BL+CT+CTy) —%sin290(2A+3Ag+T)
Df 5KtK?O

2
—2sin 90015

—sin?0c (C+T)

103108-9



Chinese Physics C  Vol. 42, No. 11 (2018) 103108

References

1

10

11

12

13

14

15

16

17

Y. Ambhis et al (HFLAV Collaboration), Eur. Phys. J. C,
77(12): 895 (2017), doi: 10.1140/epjc/s10052-017-5058-4,
arXiv: 1612.07233 [hep-ex]

C. Patrignani et al (Particle Data Group), Chin. Phys. C,
40(10): 100001 (2016), doi: 10.1088/1674-1137/40/10/100001
M. Beneke, G. Buchalla, M. Neubert, and C. T. Sachra-
jda, Nucl. Phys. B, 606: 245 (2001), doi: 10.1016/S0550-
3213(01)00251-6, [hep-ph/0104110]

M. Beneke and M. Neubert, Nucl. Phys. B, 675: 333 (2003),
doi:10.1016/j.nuclphysb.2003.09.026, [hep-ph/0308039]

Y. Y. Keum, H. n. Li, and A. I. Sanda, Phys. Lett. B, 504: 6
(2001), doi:10.1016/S0370-2693(01)00247-7, [hep-ph/0004004]
Y. Y. Keum, H. N. Li, and A. I. Sanda, Phys. Rev. D,
63: 054008 (2001), doi:10.1103/PhysRevD.63.054008, [hep-
ph/0004173]

C. D. Lu, K. Ukai, and M. Z. Yang, Phys. Rev. D, 63: 074009
(2001), doi:10.1103/PhysRevD.63.074009, [hep-ph/0004213]
C. W. Bauer, S. Fleming, D. Pirjol, and I. W. Stewart, Phys.
Rev. D, 63: 114020 (2001), doi:10.1103/PhysRevD.63.114020,
[hep-ph/0011336]

C. W. Bauer, D. Pirjol, and I. W. Stewart, Phys. Rev. Lett.,
87: 201806 (2001), doi:10.1103/PhysRevLett.87.201806, [hep-
ph/0107002]

D. Zeppenfeld, Z. Phys.
BF01429835

M. J. Savage and M. B. Wise, Phys. Rev. D, 39: 3346
(1989); Phys. Rev. D, 40: 3127 (1989), doi: 10.1103/Phys-
RevD.39.3346, 10.1103/PhysRevD.40.3127

N. G. Deshpande and X. G. He, Phys. Rev. Lett. , 75: 1703
(1995), doi: 10.1103/PhysRevLett.75.1703, [hep-ph/9412393]
X. G. He, Eur. Phys. J. C, 9: 443 (1999), doi: 10.1007/
5100529900064, [hep-ph/9810397]

X. G. He, Y. K. Hsiao, J. Q. Shi, Y. L. Wu, and Y. F. Zhou,
Phys. Rev. D, 64: 034002 (2001), doi: 10.1103/Phys-
RevD.64.034002, [hep-ph/0011337]

Y. K. Hsiao, C. F. Chang, and X. G. He, Phys. Rev. D,
93(11): 114002 (2016), doi: 10.1103/PhysRevD.93.114002,
arXiv: 1512.09223 [hep-ph]

L. L. Chau and H. Y. Cheng, Phys. Rev. Lett. , 56: 1655
(1986), doi: 10.1103/PhysRevLett.56.1655

L. L. Chau and H. Y. Cheng, Phys. Rev. D, 36: 137 (1987); Ad-
dendum: [Phys. Rev. D, 39: 2788 (1989)], doi: 10.1103/Phys-

C, 8 77 (1981), doi:10.1007/

103108-10

18

19

20

21

22

23

24

25

26

27

28

29

30

32

33

RevD.39.2788, 10.1103/PhysRevD.36.137

L. L. Chau, H. Y. Cheng, W. K. Sze, H. Yao, and B. Tseng,
Phys. Rev. D, 43: 2176 (1991); Erratum: [Phys. Rev.
D, 58: 019902 (1998)], doi: 10.1103/PhysRevD.43.2176,
10.1103/PhysRevD.58.019902

M. Gronau, O. F. Hernandez, D. London, and J. L. Ros-
ner, Phys. Rev. D, 50: 4529 (1994), doi: 10.1103/Phys-
RevD.50.4529, [hep-ph/9404283]

M. Gronau, O. F. Hernandez, D. London, and J. L. Ros-
ner, Phys. Rev. D, 52: 6356 (1995), doi: 10.1103/Phys-
RevD.52.6356, [hep-ph/9504326]

H. Y. Cheng, C. W. Chiang, and A. L. Kuo, Phys. Rev.
D, 91(1): 014011 (2015), doi: 10.1103/PhysRevD.91.014011,
arXiv: 1409.5026 [hep-ph]

S. H. Zhou, Q. A. Zhang, W. R. Lyu and C. D. L, Eur. Phys.
J.C, 77(2): 125 (2017), doi: 10.1140/epjc/s10052-017-4685-0,
arXiv: 1608.02819 [hep-ph]

S. Mller, U. Nierste, and S. Schacht, Phys. Rev. D, 92(1):
014004 (2015), doi: 10.1103/PhysRevD.92.014004, arXiv:
1503.06759 [hep-ph]

G. Buchalla, A. J. Buras, and M. E. Lautenbacher, Rev. Mod.
Phys., 68: 1125 (1996), doi: 10.1103/RevModPhys.68.1125,
[hep-ph/9512380]

M. Ciuchini, E. Franco, G. Martinelli, and L. Reina, Nucl.
Phys. B, 415: 403 (1994), doi: 10.1016/0550-3213(94)90118-
X, [hep-ph/9304257]

N. G. Deshpande and X. G. He, Phys. Lett. B, 336: 471 (1994),
doi: 10.1016/0370-2693(94)90560-6, [hep-ph/9403266]

C. K. Chua, arXiv:1802.00155 [hep-ph]

R. Aaij et al (LHCb Collaboration), Phys. Rev. Lett., 110(22):
221601 (2013), doi: 10.1103/PhysRevLett.110.221601, arXiv:
1304.6173 [hep-ex]

X. G. He, S. F. Li, and H. H. Lin, JHEP, 1308: 065 (2013),
doi: 10.1007/JHEP08(2013)065, arXiv: 1306.2658 [hep-ph]

T. Aushev et al, arXiv: 1002.5012 [hep-ex]

R. Aaij et al (LHCb Collaboration), Eur. Phys. J. C, 73(4):
2373 (2013), doi: 10.1140/epjc/s10052-013-2373-2, arXiv:
1208.3355 [hep-ex]

H. Y. Cheng and C. W. Chiang, Phys. Rev. D, 81: 074021
(2010), doi:10.1103/PhysRevD.81.074021, arXiv: 1001.0987
(hep-ph]

H. n. Li, C. D. Lu, and F. S. Yu, Phys. Rev. D, 86: 036012
(2012), doi: 10.1103/PhysRevD.86.036012, arXiv: 1203.3120
(hep-ph]



