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Abstract

Various rescattering sources are analyzed in the context of the SU(3) flavor sym-
metry. In particular, the possibility to account for intermediate charm at the hadronic
level in B to PP is thoroughly investigated. Then, the rescattering sources are com-
pared in light of recent B to two charmless pseudoscalar decay measurements, with
emphasis on the size of strong phases and on patterns of direct CP-asymmetries.
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1 Introduction

Studies of CP violation in the B system offer a unique window into the intimate structure
of the Standard Model, and possibly about New Physics. The dedicated experiments at
Cornell, KEK and SLAC have begun to feed theorists with precise data to test the current
understanding of CP violation, as well as alternate theories.

Recently, a number of the rare hadronic decays B to two charmless pseudoscalars have
been measured (see [1-6]). These modes are interesting to constrain the weak angle ~
of the unitary triangle. However, for this program to be achieved, theoretical control is
needed over the strong final state interactions (FSI). In the present work, this problem is
addressed phenomenologically, at the hadronic level (for other approaches, see for example
[7). The basic tools are flavor symmetries like isospin or SU(3) (see for example []], [9],
[10]) and Watson’s theorem, or elasticity, for strong FSI (see [T0], [I1], [T2]).

Up to now, a serious shortcoming of elasticity-based approaches was their inability
to account for intermediate charm. In short-distance analyses, quark diagrams involving
charm quarks do have non-negligible imaginary parts [I3]. This led to the common belief
that rescattering cannot be elastic. One purpose of the present paper is to show that
it is possible within the hadronic framework of Watson’s theorem elasticity to account
for intermediate charm. Some results in that direction were already presented earlier [12].
Here, we will revert to the language of the usual quark diagram topologies. The theoretical
foundations of our parametrization, which are articulated around a factorization property
for FSI, are reviewed in the first part of the paper.

Another problem of elasticity-based approaches is that large strong phases are appar-
ently required by current experimental data for B to two charmless pseudoscalars (see for
example [14]). This is in disagreement with Regge computations [I5], with the expecta-
tion for two particles flying apart with high momentum [I6] and with QCD-factorization
predictions [I7]. In the second part of the paper, we will show that when intermediate
charm is accounted for, the strong phases tend to be much smaller.

Finally, the last goal of the paper is to parametrize and quantify the corrections to
the patterns for B — 7K direct CP-asymmetries presented in [I2]. These patterns were
designed to discriminate among dominant rescattering sources, and we will here show that
this capability is not altered.

2 Theoretical Framework

The starting point of our analysis is the ”generalized Watson Theorem” (for details, see

[T0], [I1], [12]), which permits the factorization of weak decay amplitudes into a factor
invariant under CP and a factor that gets complex conjugated under CP

W =VSW, (1a)

CP (W)= VSsW; (1b)



where W is a vector containing the full decay amplitudes. Consequently, the real (up to
CKM factors) W, is identified as the bare decay amplitude (i.e. before FSI) denoted as

WZ(B—:>X1>7Wb:<B—>:{X1}) @

The unitary rescattering matriz /'S contains all the CP-conserving strong phases and de-
scribes final state interactions (FSI). In general, one defines the rescattering eigenchannels

C;
<C?1>:OC<{X:1}> )

as the basis in which v/S is diagonal
2i0c, 0

Sdiag = OC’SOtC = 0 627:502 R (4)

with strong phases (or rescattering eigenphases) dc, as diagonal elements. FElasticity
(sometimes referred to as ”quasi-elasticity”) is defined as the conservation of the total
decay probability, which follows from the unitarity of v/.S

IwiE = ||Vawi = 1wl )

Assuming that CP and CPT hold for the strong interactions generating v/S implies that
Oc¢ is orthogonal (up to some phase conventions) since then /S is unitary and symmetric.
The angles parametrizing O¢ are then called mizing angles since they govern the FSI
mixings among decay channels.

In principle, v/S should be a nxn matrix with n the number of B-meson decay channels
which can be connected by strong interactions. In practice, however, we expect that to a
good approximation this matrix is bloc-diagonal. Unfortunately, it is not known at present
how large the extent of each bloc should be to capture the essential rescattering physics.
In the present work, we assume that two-body = n-body rescatterings are negligible (as
could be justified from 1/N arguments [I8]), or at least suppressed by large cancellations.

The most restrictive (though non-trivial) approximation is that of SU(2)-elasticity:
each bloc of v/S corresponds to an isospin multiplet, which means that only rescatterings
like 7m = 7r or KK = KK (see [I2]) are allowed. A more flexible approach is to
consider SU(3)-elasticity, to open rescatterings between different iso-multiplets like 77 =
KK or 1K = ngK. In an attempt to capture all the relevant physics, rescattering
channels like DD = 7w or D;D = wK should also be opened to account for intermediate
charm. However, sizeable DD = PP rescatterings like those implied by SU(4)-elasticity
would average decay amplitudes and produce Br (B — DD) ~ Br(B — PP), in clear
disagreement with experiment

Br® (B — DyD) ~ 1072 >> Br*™® (B — Kr) ~ 107° (6)



Intermediate charm rescattering effects are thus quite small, and can be accounted for as
distortions of SU(3)-elasticity. We call enlarged SU(3)-elasticity this parametrization of
FSI, since the SU(3) flavor symmetry remains exact. Conversely, even if all the rescat-
terings (both two-body and multi-body) are small, the DD = PP ones may still lead to
sizeable effects because of Eq. (@), so it is desirable to have an adequate formalism at hand.

By definition, bare amplitudes W} are real (except for CKM matrix elements) since
they do not contain any FSI effects (see Egs.(1)). To parametrize them, and to make
contact with the short-distance weak decay of the b quark, it is convenient to introduce
quark diagrams which account for the possible flavor flows (see, for example, [§], [9], [10]).
To first order in the weak interactions, and to all orders in the strong interactions (except
FSI), the six topologies needed for B — {PP}, P =m,K,ns and B — {DD}, D = D, D,
are shown in Fig.1.
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Figure 1: Quark diagrams for non-singlet final states, ¢ = u,c, t.

In principle, second-order weak interaction topologies are very small, except for those
depicted in Fig.2 involving an enhancement factor m%op /M?Z.
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Figure 2: Second-order weak interaction quark diagrams.

The SU(3) symmetry is implemented at the level of bare decay amplitudes by identifying
quark diagrams that differ only by the interchange u < d < s. The badly broken SU(4)



symmetry is not invoked and, consequently, quark diagrams for B — {DD} will be
distinguished from B — {PP} ones by a subscript D.

Rescattering matrices have an interesting property of factorization. If each of the
strong phases is expressed as the sum of two parts

then, from the unitarity of v/S (see Eq.(#))
VS (0cy, ) = VE(88 ,..) V' S(6,,...) (8)

Now, we can define effective "bare” amplitudes containing the ¢, part of the CP-conserving
strong phases:
W = VS (6cy,..) - Wy = VS(02,,...) Wt/ (9)

In just the same way W, is parametrized in terms of real bare quark diagrams T',C.,...,
the effective bare amplitudes W T are decomposed into complex effective quark diagram
amplitudes T, Ceff . (ie. Wbeff =W, (T — Telf ¢ — Celt, )) It is important to
realize that in the literature, quark diagrams are often introduced at the level of I/Vb6 i1
One should then be very careful in understanding which part of the FSI they contain, so
that different approaches can be related. Finally, note that CP (W i1y (W I1y* since
some CP-invariant strong phases are now included into them (compare with Eqgs.(1)).

2.1 SU(3)-elastic Rescattering

SU(3)-elasticity is enforced by taking definite SU(3) states as rescattering eigenchannels.
Taking as an example the set of decay amplitudes

B+ — K+778
BT — K*qY
W= Bt — KOrt ’ (10)
BT — D;‘DO
the rescattering matrix S is diagonal
Sdiag — dZCLg (622'(5277 622'(5277 622'(587 621'68D) (11)
in the basis defined by
3 1 1 +.-0
127,1/2,1/2,1) |- 5 w0 {K*n°} 12)
8,1/2,1/2,1) DY FR R B IRV O
/10 10 5 L0
8p,1/2,1/2,1) o o o 1) \{pID%



Therefore, the SU(3)-elastic rescattering matrix is

9eida7 4 oids V3 (eib27 —ei%s) \/3(5“527—@”8)

10 10 50
V3(e1%27 —ei%8 ) 7ei027 4 3108 3(e"8 —e%27) 0
S — 10 ] ] 10 /50 13
SU(3) V3(ei27—eid8)  3(eids_eidar) 261627 436108 0 (13)
V50 V50 5 .
0 0 0 €%

See how SU(3)-elasticity fixes both the eigenphases Eq.([dl) and the eigenchannels Eq.(I2):
the {DF D"} and {PP} channels are not coupled and /Sy 3) has a characteristic bloc-
diagonal form. Other sets of states are treated similarly (see [10]).

Let us now concentrate on the PP = PP part of ,/Sgys). If each strong phase is

expressed as §; = 5% + 0f with ¢ = 1,8,27 (one could think of the FSI short and long-
distance parts), we can define effective, complex quark diagrams by absorbing the 6 part

of the rescattering
Wil =\ /Ssus) (557,63, 6) W (14)

Explicitly, effective quark diagrams can be expressed in terms of bare (real) ones as (omit-
ting electroweak penguins for now)

.58
g

xelf = Xt 4 AN (p 0y x=T,C
yelf =yt - el o)y =E AP,
SU(3)-elasticity < P: tf = P.;e"%

PAS! = PA,e — €52 (14 0y 4 e (37 0 4 8E 48P,

“lg s
61(51 _61(58 )

| PAYS = PAet + 222 P,
(15)
The remaining 5£ part of the rescattering is accounted for by acting with /S (3) (5l27, 5é, 5l1)

on Wy /7

In the following, we shall not use Eqs.([[H). What we want to point out by writing them
is that one should be careful when dealing with effective quark diagrams since obviously,
the rough scalings (penguins are discussed in the next section)

1:7T
O :C (16)
O(N):EA

with A ~ 1/5 [9] may no longer be valid. For example, for the B¥ — K%7* mode, while A
is helicity-suppressed and can be safely ignored, A/ receives unsuppressed contributions
from T (provided 03, — 0§ is non-negligible), as already emphasized in [T9]. Similarly,
for B — nt7~, E and PA can be neglected, but F¢/f and PA®// may not. The
Eqs.([d) illustrate in the specific SU(3)-elastic case a more general fact: if one starts with
a parametrization in terms of effective quark diagrams without specifying anything about



FSI, all the effective quark diagrams are then arbitrary complex numbers and this costs
much in terms of free parameters (except, of course, if one has a definite computation
scheme for effective quark diagrams).

2.2 Intermediate Charm Rescattering

We now open the rescattering channel DD = PP [20]. For the set of states Eq.(I),
general rescattering eigenchannels are defined by mixing 8 with 8p (for a discussion on
the formalism used here, see [10], [12]):

C1(27,3/2) 10 0 0 |27,3/2,1/2,1)
Co(27,1/2) | | 0 1 0 0 127,1/2,1/2,1) (17)
C3(8,1/2) | | 0 0O «cosys sinxs 18,1/2,1/2,1)
Cy(8,1/2) 0 0 —sinxs cosxs 18p,1/2,1/2,1)
The rescattering matrix in the C; basis is
Sdiag _ diag (622'501 , 622'502 , 622'503 ’ 627;504) ~ dz’ag <€2i627, €2i627, €2i68, e2i68D> (18)

since the mixing angle xs should be small (see Eq.(@l)). In the physical state basis, we
then find

5 0 0 0 1
108 70
o . €% —e'% 0 0 0 -3
\/ SX8 = SSU(3) —+ sin (2X8) W 0 0 0 /6
1 =3 -6 0

o V3 V60

+ sin® (xg) ——— L IE —3v2 0
10 V6 —3v2 —6 0

0 0 0 10

108

(19)

with /Ssy(s) given in Eq.([@3). In physical terms, one can understand xg as a DD-
PP 7coupling constant”: the sin (2xg) term describes the DD pollution of PP states
(which proceeds through DD 2% PP, DD X8 PP X8 DD X8 PP, etc) while the sin? (xg)
terms account for ”inelastic” distortion of the rescattering among { PP} states due to the
exchange of probability with the DD channel (PP X pDX PP, etc). The common factor
% — ¢i% acts as a kinematical suppression since it decreases as the relative momentum
between decay products increases (g = 6 = 0 in the limit Mp — oo [I6]). Finally,
note well that SU(3) remains exact, and that the rescattering is elastic (conserved total
probability) for the full set of states {PP, DD} since \/S—X8 is unitary for all ys.

Other set of states are treated similarly (the mixings among Y = 0,75 = 0 states
is described in Appendix A). All in all, six parameters are needed to describe all the
rescattering mixings (one of the strong phase can be eliminated)

PP:(8®8)¢= 27T & 8 ® 1 — 027,08, 01
) ) 1 xs Ixi (20)
DD: 33 = 8p @® 1p  — 0P



We expect that xg, x1 << 1 since DD — PP proceeds through the annihilation of the
cC pair into light quarks, and 27, 0,61 < (55 , (5? since there is less phase-space for DD
than for PP. As said before, SU(4)-elasticity is not implemented: it would fix the x;
to some large values and introduce relations between do7,dg,07 and (55 ,(5? , leading to
Br (B — PP) ~ Br (B — DD) (sce Eq.@)). Let us stress again that SU(4) is used at no
stage of the present analysis.

The factorization property of v/S can now be used to separate the DD = PP rescat-
tering effects from the SU(3)-elastic part. For the set of states Eq.([d), this is achieved
by splitting the phases as (see Eq.([9))

V/Sxs (627,05, 08) = \/Sys (827,38, 05) - \/Sys (00,55 — d5) (21)
PP = PP DD = PP
DD = DD

The first factor does not depend on xs and is related to the SU(3)-elastic rescattering
matrix Eq.(03) as /Sy (827,08, 08) = \/Ssu(3) (627,88, 08), while the second factor con-
tains all the effects of DD = PP mixing and becomes trivial if either 58D = dg or xg = 0.
Proceeding similarly with the other multiplets, we now absorb the DD = PP part of the
rescattering into effective quark diagrams

P =P —p

22
PAYT = PA.+ 26 +a (22)

On-shell ce FSI {

with

o= 2—\1/§ (1 _ ¢il67 =0 >) iTp, 8= \f ) vsTh (23)

To reach these expressions, we have retained only the dominant Tp contribution to B —
DD decay amplitudes (see Fig.1) and the first order in x; (so that PP — DD — ... — PP
effects are neglected, see Eq.([[d)). Importantly, all the other quark diagrams are unaffected
by DD = PP. Since the P, and PA. quark diagrams are precisely the ones involving the
charm quark, we interpret Eq.([22) as a hadronic representation for on-shell intermediate
cc quarks, as previously mentioned in [I2] (see Fig.3).

Qe

ey

Figure 3: The standard quark-level penguin amplitude P and
the hadronic-level penguin-like B — {DD} — PP contribution.

::FSI

ELastic::::

In general, because of renormalization of the penguin loop, it is desirable to use the
unitarity of the CKM matrix to write (A, = Y/;I’Z‘/;]d(s))

)\uPu+)\cPc+)\tPt:)\u(Pu_Pc)+)\t(Pt_Pc)E)\u(Pu—c)+)\t(Pt—c) (24)



At the B-mass scale, we expect that P, . is small since m,, m. << my. Interestingly,
when on-shell intermediate c¢ is treated at the hadronic level, the P. short-distance ab-
sorptive part has to be discarded and to a large extent the cancellation between P, and
P, is preserved. Therefore, one can expect the rough scaling of the dominant penguin
contributions [9]

1:7T
O : P (25)
O (\?): PEY
O (X)) : PEY , PA .

and | X, .| < |X—| with X = P, PA,PEW,PCEW to be valid. In the following, X, _. will
be neglected and the effects of intermediate charm will be accounted for by defining

AtPfff =MPc—Ap

26
MPATT = N PA_ .+ ) (26 +0) (26)

On-shell ce FSI {

Note well that Pf_ff and PAf{ ]Cc involve a combination of CP-conserving and CP-violating
phases.

Our method for implementing intermediate on-shell charm has semi-inclusive features.
To see this, note first that all the developments above can be repeated replacing DD by
D*D*, D**D**, ... Now, taking into account the effects on B — PP of rescatterings from
all the charmed meson states amounts to the definitions Eqgs.[22)) or Eqgs.(28) with «, 3
replaced by

a=—F =\/2Fs,  Fr= ) 1 — %)) ATy 27
o 2\/§ 1 ﬁ \/; 8 k ( € )Xk ( )

i=D,D*,...

and this holds even if DD = D*D*, ... rescatterings are present thanks to the factorization
property Eq.(8) or Eq.([I). Finally, since in any case, the complex numbers a and 3 can
be parametrized as in Eq.(23]), this change is irrelevant (except, of course, that y and Tp
can no longer be determined separately). In other words, as long as the y; are small (i.e.
when the last term of Eq.([d) can be dropped), Watson’s theorem implies that no matter
the precise physics in the charmed sector, its impact on B — PP will always amount
to a redefinition of the penguin amplitudes P, and PA. (or P,_. and PA;_.). In the
following, for simplicity, we assume that DD = PP dominates so as to give estimations
of x;. Finally, it is also straightforward to apply the formalism to charmonium modes P,
and/or non. (see [21]), simply by substituting 7p by the C,, quark diagram contributing
to Pn. in B, and Tp by the C,,/?c contributing to ngn. in a.

Let us conclude this section by a more technical comment. If we note 3. the bc.cd
or be.cs part of the weak Hamiltonian (see [I0]), P., PA. and the definitions Eq.([22) are
expressed in terms of SU(3) reduced matrix elements as

{ Py =— (8]3.]3) ) L BB = (813:03) +
(113c]3)7 = (113:/3) + o

8



As expected, the a () term involving xi (xg) contributes only to the reduced matrix
element involving the 1 (8) final state, respectively.

2.3 Final Parametrization

All the pieces can now be put together to construct the final parametrizations of B — PP
decay amplitudes assuming enlarged SU(3)-elasticity. From the previous sections:

1- All PP = PP rescattering effects should be contained in v/S, to preserve
the scalings between quark diagram amplitudes, and will be treated assuming

exact SU(3) (see Egs.([[H) and Eqgs.(IHl)).
2- Intermediate charm can be treated at the hadronic level as DD = PP
rescattering effects, and absorbed into P;,_. and PA;_. (see Eq.(24)).
The first point is important since it allows us to reduce the number of free parameters.
Indeed, combining Eqs.([[f) and Eqs.([28) with CKM coefficients, it appears as sufficient
to consider only four topologies (\d = VorVaa')

AS=0: XT, MP_ O (29)
AS=1: NP, T, )\ PEVW

since in any case, SU(3) breaking effects in the dominant 7" and P;_. contributions should

be greater than O (A\?) ~ 4%.
Once PA is neglected, it seems justified to set also (see Eq.(28l))

2 6P — 6, =60 — 65
B+a=0e 30
3 X5X8=—§X1 (30)

since this combination describes rescatterings that proceeds through the vacuum (Eq.(B0)
may seem to imply a fine tuning between a and (, but this is equivalent to the usual
assumption that PA. is small, see Eqgs.([25)).

There remain eight free parameters

QD amplitudes: T,C, P,_., PE&V
SU(3) rescatterings: do7 — d1,08 — 01 (31)
On-shell c¢ FSI: xTp, 58D —
The expressions for decay amplitudes are collected in Appendix B, in which the definition
Eq.(20) is used, d; is set to zero and CKM coefficients are omitted. Also, the color-allowed
electroweak penguin has to be introduced as €' — C + PEW []. Decay amplitudes for
B — DD, assuming that DD, PP = D*D*, ... are negligible, are also given. In that case,

measurements of B — DD branchings can serve to determine both Tp and the strong
phase g — 61 of PP = PP rescattering. This fact originates in the coherence requirement

Eq.(d), which implies (provided yx # 0)
Br(B°— D*D7)T (B%)  544cos (69 —6P) _ 5+4cos(dg — 1)
Br (Bt — D+D% T (B*) 9 B 9

(32)



3 Numerical Examples

For our numerical examples, we consider only one source of rescattering: either SU(3)-
elastic ones (PP = PP) or on-shell intermediate charm (DD = PP). The sets of free
parameters in each case are

Amplitudes: T,P_.,C,PEW
. < N (33)
Rescattering;: PP = PP DD = PP
o7 — 01,08 — 01 XTp, 68 — &

with, in addition, the weak angle . To leading order, one can further neglect C' and PFY.
Though the formalism allows for general analyses, the precision of the experimental data
is not yet sufficient for meaningful combined analyses.

For each fit, we give the values of the parameters in the text, while the corresponding
values for branchings (Table V), Acp (Table VI) and S;7 (Table VII) are in Appendix C,
along with the details of our fitting procedure.

3.1 SU(3)-elasticity (no DD = PP)

For the first example, we take the T" and P, . amplitudes and s — 1, do7 — 1 strong
phases (so we set x = 0). For various (fixed) values of the weak angle v we find

L 60° 80°  100° ]
Xoin 183 163 17.7
T 065 070 076

P_. 0.11 0.11 0.10
dg — 01 47°  52°  62°
d27 — 91 100° 98° 101°
TableI: T, P,_., SU(3)-elasticity.

Quark diagram amplitudes given in the table are dimensionless and produce B° branch-
ings.

Under this SU(3)-elastic parametrization, the B — wK branchings are dominated by
the P;_. penguin amplitude and verify

Br (r°K™) : Br (n*K°) : Br (n°K°) : Br (n " K*) ~1/2:1:1/2:1 (34)
While the pattern of direct CP-asymmetries is (see [12])

1 3
A’TI'OK+:A7T+K0:AWOKO:AW7K+%2:_§:_§:1 (35)
no matter the strong phases.
As already found in [I4], if the current CP-asymmetry measurement central values

are to be trusted, they require large PP = PP phases. Then, in the B — n7w sector,
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dominated by T, large rescatterings occur and the 77" mode is fed from B — {7T7~}.
The resulting pattern is close to

Br (7T+7T0) :Br(rt7") : Br (7?071'0) ~1:1:1/2 (36)

Typically, Br (B — 7%7%) > 1.5x 107 under SU(3)-elasticity. For 77~ time-dependent
asymmetry, both A +,- and S;+,- are found compatible with current experimental data
(see appendix C):

A S

0.75

0.5

0.25
[¢]

60 5T |
0.25 16
05
14
0.75
-1 ‘ 60 80 o150 |

Figure 4: Fit result for A+ -, S;+,— and a.fs under SU(3)-elasticity.

T

0.5

0.4

0.3

\ 60 80 o150 |

A +.— is not very sensitive to v and stays in the range 0.3 to 0.5. On the other hand,
Sr+r— varies much, and it appears that the present Belle measurement exclude v > 90°
to 30. However, the dependence of S +,.- on ~y is rather trivial. Defining the parameter

Qeff as
Sptn— =/1— A2, __sin (20c5y) (37)

such that oy = a = m— [ — if only T contributes to B — 7t7~, the last graph shows
that the deviation a.f; — « stays small compared to v.

Finally, for B — KK, no clear pattern emerges. However, one can note that because
of large rescatterings from B — {nT7~}, the Bt — K*K~ branching is saturating its
present experimental upper bound. Also, the BT — KTK? and B — K°KO? direct
CP-asymmetries tend to be sizeable, between —1 and —0.5.

Just for illustration, if we now introduce the subleading C' and PF" topologies, the
best-fit values are

B 60°  80° 100° |
i 10.1 105 154
T 0.60 0.66 067
C 0.21  0.17 0.17
P_. 0.11  0.11 0.10

PEW  0.011 0.008 0.005
6g — 01 b3°  B7° 32°
So7 —0p  88°  89°  59°
TableII: T, P,_.,C, PEW SU(3)-elasticity.

The most noticeable feature is a reduction of the strong phases, at the cost of a quite large
C amplitude, and a significant decrease in Xfmn.

11



To within 20%, the introduction of the additional quark diagram amplitudes does not
modify the patterns described above. For example, the ratios of CP-asymmetries in the
7K sector are now

8 1 3 3
Ajope+ s Apvgo s Ajogo t A+ =2+ sh-1i—3 + sha/3 =y + 3kKg: 1 (38)
with, to leading order in |\S|T/|A{| Pi—. and PEYW /P,_.
IAS| T C 3C
o« = — dg — O 1+ = 1——
K COS’y’)\tS’Pt_C cos (0g — d27) | 1 + T + 5T (39)

PEW o 5C
— Pt_c <COS (58 - 527) - Z (1 + C—_”_,>>

For the range of parameter values in Table II, these corrections are of at most 15% (see
Table VI).

To close this section, it should be noted that the SU(3)-elastic constraint A op+ =
2A.- i+, though consistent, is not favored by the present measurements of A -+ by
Belle, BaBar and A, ox+ by Belle:

Belle BaBar
A g+ —0.08840.035 +0.018[] —0.107 +0.041 =+ 0.013[4]
Ajogc+ 0.23 +0.117000 2 —0.09 4 0.09 + 0.01[3]

Further, as shown in [I2], this constraint is the same under SU(2)-elasticity. More precise
measurements are necessary to draw any conclusion on the relevance of SU(N)-elastic
rescatterings for B — PP.

3.2 On-shell cc rescattering (no PP = PP)

For our second example, we take again the 7" and P,_. amplitudes, but (55 — 03 as the only
strong phase. In addition, we have the Tp amplitude and the mixing angle y. As a first
step, since it is always the combination (x7p) which appears in B — PP decays, we can
use the measurements [22] Br (B® — D~DJ) = (0.8 £0.3) % and Br (BT — DD}) =
(1.3+0.4) % to fix Tp = 2.43 which gives

Br'" (B — D™D}) = Br'" (B* — D°D}) = 0.98% (40)

For various weak angle v we find

B 60° 80° 100° |
Xoin 40 32 26
T 0.50 0.57 0.66
P, 0.09 0.10 0.10
X 3.3° 2.7° 2.6°
6P —0s 25° 21°  20°

TableIII: T, P;_., on-shell cc.

12



Note that the fitting procedure is delicate because, to a large extend, P._. and x1p
compete against each other (see Eq.[2H)) and the x2, function is rather flat. The above
results are those for which both x and 58D — Jg are simultaneously small.

The B — wK branchings are now dominated by both P,_. and B — {DDS} — 7K
contributions, and since these effects behave like a "hadronic” penguin, see Eq.([20l), the
pattern Eq.(4)) is not altered. Concerning CP-asymmetries, we find the pattern

Pre P
T ° T

Ajoge+ t Apvgo s Ajogo t A = 10 — 1 (41)
Interestingly, some ratios of CP-asymmetries directly give the value of P,_./T. These
asymmetries are generated through the interference of T, P,_. with B — {DDS} — 7K,
and require only one strong phase (55? —dg of less than about 25° (generated by the mismatch
between PP = PP and DD = DD, see Eq.(20)).

In the B — 7w sector, the fit is not very good (the large Xlzmin is essentially generated
by the 7°7° and 7%+ modes). Indeed, the B — {DD} — 7w effects are Cabibbo-
suppressed, and since there is no averaging from PP = PP strong phases, the decay
branchings keep their bare scalings in terms of dominant 7" (see appendix B)

Br (7T+7T0) :Br(r7") : Br (7r071'0) ~1/2:1:0 (42)

which is rather far from current measurements (but not yet ruled out, see table V, appendix
C). Typically, Br (B — 770770) < 1075 without PP = PP strong phases (and assuming
C/T ~ O (A) or smaller). Finally, A, +,- is found a bit smaller (in the range 0.2 to 0.4),
while S;+,- behave roughly as in the SU(3)-elastic case (see Fig.5).

0.36
0.32

0.28

0.24
0.20

\ 0 80 15 | -1 ‘ 60 80 T30~ |

Figure 5: Fit result for A, +,-, S, +,— and a.¢s under on-shell c¢ rescattering.

Note, however, that a.rr # a is now due to both B — {DD} — 7 and P;_., and
therefore that no P,_. penguin does not imply ae¢s = a (this is obvious from Eq.(28])).
For B — KK, the branchings are similar than in the SU(3)-elastic case except for
BT — K™K~ which is exactly zero (no rescattering from B — {777~} and no B —
{DD} — K*K~ because of Eq.@)). The B* — KTK? and B® — K"K? direct CP-
asymmetries tend to be much smaller (between 0 and —0.3), and in addition verifies

Agrgo t Agogo : Agogo=1:1:1 (43)

If we now include the subleading C and PEW | the best fit procedure produces a large

C amplitude to match the observed pattern of B — 7w branchings (we have restricted
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C/T to be at most 1/2)

E 60°  80° 100° |
oin 18 14 12
T 049 055 0.62
C 0.24 020 0.23
P 0.09 0.09 0.09
PEW  0.011 0.006 0.004
X 3.5°  2.6°  4.7°
6P —6s  26°  26°  15°

TableIV: T, P,_.,C, PEW on-shell cc.

t—c

The pattern of B — wK direct CP-asymmetries is much affected by such a large C
amplitude
C CPt—c . Pt—c . _Pt—c + C CPt—c

Aﬂ.OK+ :Aﬂ.JrKO :AWOKO IAW—K+:1+?+ T2 L= T . T — T2

:1 (44)

while corrections due to PEW are subleading. Notice, however, that for the range of values
in Table IV, this pattern is still different from the SU(3)-elastic one Eq.(B0]). Finally, the
pattern Eq.([ 3] survive only partially: while Ay + o and Ao o remain exactly equal (no
C or PEY contribution), A 0,0 is dominated by C and varies much.

To close this section, let us make a few comments. First, note that phenomenologically
speaking, P,_./T = 0 is not yet ruled out by experiment once the penguin-like rescatter-
ing effects B — {DD} — PP are allowed. Indeed, the B — K branchings could be
dominated by the B — {DSD} — mK contributions, while both B — 7K and B — 77~
direct CP-asymmetries could be generated by interference of B — {DD} — PP contri-
butions with 7. In other words, assuming that DD = PP is the dominant rescattering

process, the current data requires ‘Pf_fg /T ‘ £ 0 with Pf_f f given in Eq.(Z8]), but do not say

C

anything yet about the relative strength of the quark-level penguin P,_. vs. its hadronic-
level counterpart B — {DD} — PP. Now theoretically, from short-distance analyses
there is good reasons to expect P;_./T # 0, and we hope that the phenomenological
patterns of CP-asymmetries described above will help in extracting it from the data.

Second, under exact flavor SU(3), it appears that consistency with B — wK direct
CP-asymmetry measurements restricts A, to be smaller than ~ 0.5. This statement is
independent of the precise physics in the charmed meson sector. Except for the values
quoted for y, the results of the fits are equally valid when the intermediate charmed meson
state is DD, D*D*,... or a charmonium state like Pr. (see [Z1]), or also combinations of
them. Further, the rescatterings between these states is irrelevant for B — PP. Note also
that abandoning the coherence requirement Eq.([B0) does not lead to larger A, even if
PAYT = PA +2/38+a ~ 2/33+a (see Eq.(ZJ)) contributes to B® — 777~ and not to
B — wK, because PAYT also contributes to B® — K+ K~ and therefore cannot be large.

Finally, it should be noted that many relations between B?, BT direct CP-asymmetry

14



and Bg ones exist

ABS—MWLK* = Apo_ntr- ABg—»KOI_{O = Ap+_nt K0
ABS—MTOI_{O — ABO_”TOWO ABS—>K+K* - ABO—W*KJF

All these relations are unaffected by C or PFW contributions and specific to the dominant

on-shell ¢¢ rescattering source (no PP = PP rescatterings).

4 Conclusions

The B to two charmless pseudoscalar decay processes are analyzed assuming exact SU(3)
for the amplitudes and rescatterings. The basic tool is Watson’s theorem for hadronic
final state interactions, which allows for a factorization of rescattering effects from bare
decay amplitudes. In addition, the various F'SI processes can also be factorized and treated
separately. In the present work, we assume SU(3)-elasticity for the PP = PP part of
the rescatterings, while DD = PP elastic rescatterings are shown to amount to the
redefinition of the penguin amplitude as

)\tPte_fg = )‘tPt—c - )\c\/g (1 - ei(ésD_(Ss)) XTD (45)

where Tp is the tree diagram contributing to B — DD and y the small mixing parameter
governing the DD pollution of B — PP (this parameter is not fixed by SU(3), and must
be small because of Eq.(l)). Importantly, the redefinition Eq.[#H) also apply when the
intermediate charmed meson state is D*D*, D** D**, Py, ..., or any combination of them,
and therefore Eq.([@3) can be seen as a hadronic representation for on-shell intermediate
cc.

Also, it should be clear that once the various rescattering effects can be treated sepa-
rately, different theoretical tools can be combined. This is well illustrated by Eq.([ H): if one
has a definite computation scheme for Pte_f g accounting for (elastic or inelastic) intermedi-
ate on-shell c¢, but suspects non-negligible elastic long-distance PP = PP rescatterings,
the present formalism permits the combination of the two. In other words, it is perfectly
consistent to account for SU(N)-elastic long distance rescatterings by acting with the cor-
responding /Sgy(n) on effective quark diagram amplitudes already containing various
rescattering effects, like those produced by QCD-based approaches.

In our phenomenological approach, many amplitudes can be safely ignored and we are
left with the set of free parameters Eq.(BIl), with, in addition, the weak angle . To further
restrict the number of free parameters, one rescattering source is assumed dominant: either
SU(3)-elasticity (PP = PP) or on-shell c¢ (DD = PP). The most prominent features of
each fit are:

SU(3)-elasticity: The B — 7K direct CP-asymmetries tend to require large
strong phases. This is nice for B — 77 (see Eq.(B8)) but may be problematic
for B — KK (those modes are predicted close to their present experimental
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upper bounds). Also, it should be noted that the SU(3)-elastic pattern of
B — 7K direct CP-asymmetries Eq.([BH) is rather insensitive to subleading
quark diagram amplitudes (C and PEY), and is not in good agreement with
present measurements (though the discrepancy is not yet significant).

On-shell cé: A single strong phase difference (5§ — dg) of around 25° is suf-
ficient to produce the required asymmetries in the 7K and 7w sectors. This
strong phase difference is generated by the mismatch between PP = PP and
DD = DD elastic rescattering channels. Such a small strong phase is nice
from the point of view of Regge computations [I5] and from the naive expec-
tation for two particle flying apart with large momentum [I6], but also with
the SU(2)-elastic isospin analysis of B — D7 [23]. Compared with the SU(3)-
elastic case, the fit is not very good in the B — &m sector (no rescattering
from B — w7~ leads to the approximate pattern Eq.([ 2)), but better for
B — 7K direct CP-asymmetries (the pattern Eq.([ ) is favored by current
measurements).

Combining both sources of rescattering would certainly improve the quality of the fit
as more free parameters are available. For example, the difficulty of the on-shell c¢ fit
in the B — 77 sector is reduced by including a small amount of PP = PP effects (like
do7 — ds =~ 20°). More precise measurements are necessary to pursue the analysis in that
direction.
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A Rescattering Matrix for 75 =Y = 0 states

This appendix presents the construction of the enlarged SU(3) rescattering matrix for the
T3 =Y = 0 states. We start with

127,2,0,0) 000 {KTK~}
127,1,0,0) 0 0 0 {KOFO}
127,0,0,0) Ostre) 000 {mams}
18,1,0,0) 0 0 0 {xOns}
8,0,0,0) | = 0 0 0 (rtr)
[1,0,0,0) 0 0 O {WOWO}
18p,1,0,0) 000000 ) (DD~}
8p,0,0,0) 000 0 0 0 0 Ol {D°D"}
11p,0,0,0) 00 0000 {DID;}
Osu3)
where (entries are written according to x = sign (x) \/m )

0 0 0o 0 -1/3 2/3

~1/5 1/5 0 3/5 0 0

o _ | —3/20 =3/20 27/40 0 1/60 1/120

SU@) 3/10 -3/10 0 2/5 0 0

~-1/10 —-1/10 —1/5 0 2/5 1/5
~1/4 -1/4 -1/8 0 -—1/4 -1/8

i 1/2 1/2 0
O8ls = | —1/6 1/6 2/3
-1/3 1/3 —1/3

To introduce rescattering between DD and PP, it suffices to mix |8, 1,0, 0) with |8p, 1,0,0),
18,0,0,0) with [8p,0,0,0) and |1,0,0,0) with [1p,0,0,0) by defining

1 0 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0 0

0 0 0O cosxs 0 0 sin s 0 0
Oy=1| 0 0 0 0 COS X8 0 0 sin xg 0

0 0 O 0 0 COS X1 0 0 sin x1

0 0 0 —sinysg 0 0 COoS X8 0 0

0 0 O 0 —sin xg 0 0 COS X8 0

0 0 O 0 0 —sin x1 0 0 COSs X1

Finally, the rescattering matrix is found as /S, = OgU(3)-O§<'1/Sdiag'OX'OSU(?,)y with,
when the y; are small,

Sdiag _ dzag (621527’ 621527’ 621527’ 62268, 62268, 62251 ’ 62258 ’62158 ’62151 >
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B Decay Amplitude Expressions

The B — PP decay amplitudes, under the approximations discussed in the text, are

A(BT — K+ = €28 (P | ) ¢ids pef]
A(BY — KT K-) 5(1—ei58)+(ei58—ei527)T 5(1—ei58)—3(ei58—ei527)0 n 2(1—ei58)Peff
20 . B 60 _ 3 t—c
A0 KORO) —  Ame) et  s(1co) Sleso o) L pi pery
B 20 60 3 tt—c
A(Bt — r7%) = 632{ (T+C)
A(BO N 7T+7T_) _ 5+86i68+7ei627 T _ 5(1—6i68)+21(6i68—6i627) C + 2+ei68 Pteff
20 60 3 —c
5(1—6i68)+13(6i68—6i627) 5416e%08 +-39¢%027 924108 eff
A(BY — 707Y%) = T —2tlbe2d8e oy 2e 2 p
20v2 60v2 3v/2 T t—c
A(B® — K¥a%) = €258 (T + C) + <2 P
A(Bt — KOrt) = €50 (7| ) 4 ¢i%s peIT
A(BY — Ktr) = etstaetr g AT e™) 6 i pef
0 0.0y _ 3(ei‘527—ei58) 2¢i08 13¢1027 ~ i peff
A(B® — K7V) = 7 T+ 5/ C \/§Pt—c
A(BT — 7t = 2¢%8 43027 (T +C)+ 2¢78 Pf_ff
A (B° 0 _ eig)s\/geff Vo
(B — a%g) = — 73 Lte
+ + _ _ ei58_66i527 o ei58 eff
ABY — Ktng) = —£61 (7 4 o) % pel]
997 __ 16 i i i
A(B® = Kong) = ATy setsanetn ¢ el petf
0 o 5(1—ei‘58)—3(ei58—ei527) _ 5—16et98 —9ei027 2_¢i%8 peff
A (B — ngns) = 03 T s C+E P

The amplitudes for the charge-conjugate modes are identical, except for the understood
CKM coefficients. Decay amplitudes for Bg mode are:

A (BS N K_7T+) _ 362'68_,’_5262'627 T . 2(ei58gei527) C i eZJSEifZ
= 3(ei58—ei527) 26408 4 361027 68 Seff
A(Bs—>K07TO): — T + £ +3e C—<3p
5v/2 5v2 V2 T t-c
_ idg _ oid ; : .
A(Bs — Kops) = —AE Ty atesgetn o oo et
ABg — KTK™) = 5+8ei58+7ei‘527T . 5(1—6“58)-%-21(6“58—@"527)C n 21 eids petf
> 5(1— i%g idg _eid27 5(1—e98 ) _3(ei%8 _eid2r t_C.(S
A(Bs — KOR0) = 20z H(ehme) 7 5(1mele) (e me™) ) greits peff
—C
A(Bs — mtn) = 5(1—62'68)2(06“8—62'527)]1 B 5(1_61'68)_20(61‘68_61'527)0 N 2(1—62‘68)Pte_fg
A(Bs — o) = MUzt )eleometn)y slzet) etoet) | 21t pery
0 . 3(6i68—6i627) 9608 4 3¢id27
A(Bs — mng) = i L5 ©
o 5(1—€i68)+9(6i68—6i627) 5_,’_861'68 +27ei527 2(1-‘1‘67:68) eff
A(Bgs — nsns) = 20V T sesehegiet ¢y 2 ) ped
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]

Finally, assuming negligible PP, DD = D*D*, D**D**, ..., the B — DD decay amplitudes

are

A (BT = DfD%) = A(B* - DfD™) = %¥Tp
A (BT — D*D°) = A(Bs — DTD;)= &% Tp
A(BY = DtD™) = 1e (24 ¢7i05) T
A(BY - DD%) = —A (B = DfD;) = Le (1—e )T
A(BY— DED;) = Leo? (24 i)
A(Bg— D°D%) = —A(Bg — DTD™) = 1e¥% (1—e )T

C Fit Results for Branchings and Asymmetries

The experimental data on B to two pseudoscalar decays we shall use are summarized in
table V and VI, where direct CP-asymmetries are defined according to the sign convention
r(B—f)-IL(B—f)

ACPZF(BH‘,F)JFF(BH]P) (46)

Average is made over CLEO [I], Belle [2] and BaBar [3] measurements (see also [4]), assum-
ing no correlation. The implications of SU(3) symmetry bear on the decay amplitudes, so
predictions for branchings must be corrected to account for lifetime differences and avail-
able phase-space. From [22], the lifetime correction factor is o (BT) /Tor (BO) = 0.92,
while that of phase space are of at most a few percents, and are neglected. The branch-
ings under brackets in table V are branching fractions for the physical n state and not for
18, so that they are only indicative. Indeed, the small admixture of singlet 7 into the
physical n state could lead to large effects. The last observables of interest to us are the
time-dependent asymmetry parameters

Pyt 2Im A,

= = Aop, Spj=——F"—
EY A PV L

—2iﬁA(B_>ff>
A(B—>ff)

The experimental situation and averages are (with inflated errors, see [22]):

. with Ajp=e (47)

i

Belle [5] BaBar [6] Average
Apvp—  077£0.27+0.08  0.194+0.194+0.05  0.38+0.27
Srtn- —1.23+£0.41+£0.08 —-0.40£0.22+£0.03 —-0.58+£0.34

We have used only A, +,- = —C+,- as input.
The function we minimize to find the best-fit values is as usual

2

Brth — Brexp 2 Ath — A%P

><2=Z<W> Ly (A _Acr (48)
f 9Br f JACP

where the sum runs over measured decay branchings and asymmetries (12 inputs). Up-
per bounds are implemented using the arc-tangent representation of the step function (3
inputs).
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Finally, the Wolfenstein parametrization [24] of the CKM matrix elements is used

1—

Vekm =

AN (1 —p —in)

A2 2
28

—-A

and we take the central values of [22]

A
2 2
-5 - 7+%>)‘4
—AN? 4+ AN (%—p—in)

AN? (p — in)

AN?

1 A2

2

A = 0.2196 + 0.0023, A = 0.854 +0.045, \/p? +n? = 0.43 +0.07

(49)

(50)

and keep only the weak angle v = arctann/p as a free parameter (so unitarity of Vog s
is implied). For the parameter S 7, We use the average sin 26 = 0.736 £ 0.049 extracted
from charmonium modes [25].

The result for branchings and asymmetries for the fits are collected below.
labels refer to the best-fit parameter tables given in the text.

22

Branching (x107°) SU(3)-elastic On-shell cc
I | I 11 |

| AS =0 | Exp. | 60°  90° | 60°  90° | 60° 90° | 60°  90°
KO — 043 037|031 042 |0.13 0.18 | 0.22 045
Bs | KOz — 1.29 1.10 | 093 1.26 | 0.38 0.53 | 0.656 1.35
K7t — 5.91 5.78 | 5.72 4.61 | 4.77 4.72 | 4.55 4.24
s [4.0£0.9] | 1.59 1.38 | 2.41 1.72 | 1.42 1.17 | 2.31 1.93
Bt | KOK* <1.3 1.09 1.28 | 1.01 1.28 | 0.88 1.21 |0.89 1.18
atmd 5.3+0.8 | 3.48 442 | 543 5.67 | 2.07 3.10 | 4.34 5.86

KtK~ <0.6 0.60 0.60 | 0.60 0.15 0 0 0 0
KOKO <1.6 1.02 131|093 1.14| 081 1.11 |0.82 1.08
B UEUE - 0.17 0.25 | 0.12 0.09 | 0.05 0.06 | 0.11 0.09
71 [<2.9] 0.26 0.38 | 0.26 0.38 | 0.27 0.37 | 0.27 0.36
R 4.6+0.4 | 4.82 4.79 | 458 4.53 | 5.03 4.98 | 4.80 4.47
7070 1.9240.44 | 2.12 1.70 | 1.77 1.57 | 0.41 0.56 | 0.68 1.43

| AS =1 | Exp. | 60°  90° | 60°  90° | 60°  90° | 60°  90°
KY; [2.440.9] | 3.33 3.17 | 294 282 3.37 3.17 | 292 2.86
B° | K%Y 11.2+1.4 | 998 9.51 | 881 8.45| 10.1 9.51 | 8.75 8.57
K*tn~ | 18.240.8 | 186 19.2 | 183 19.0 | 186 19.2 | 185 19.1
KTng [3.1£0.7] | 4.02 3.52 | 3.68 3.20 | 4.02 3.51 | 3.50 3.20
Bt | K*rn° 12.841.1 | 10.3 104 | 11.7 11.7 | 10.1 104 | 11.6 11.6
KOzt 20.6£1.4 | 22.0 20.6 | 22.3 20.7 | 22.0 20.6 | 21.8 20.5
KtK~ — 155 14.7 | 14.2 169 | 17.6 182 | 17.6 18.1
KOKO — 16.6 145|159 17.0| 19.2 18.0 | 19.0 179
Bg 1878 — 14.1 125|129 142 | 17.0 16.0 | 15.8 15.2
78 — 0.03 0.02 | 0.05 0.04 0 0 0.05 0.03

I — 5.19 6.95 | 6.55 1.95 0 0 0 0

7Or0 - 2.59 348 | 3.28 0.97 0 0 0 0

Table V: Fit results for charge-average branching fractions.

Column



Direct CP-asymmetry SU(3)-elastic On-shell cc
Acp (%) T [ 0 m | 1V
| AS=0 | Exp. | 60°  90° | 60°  90° | 60° 90° | 60°  90°
KO - -8 99 | -8 -70 | -32 -19 | -72 -36
Bs | KOr° — -8 99 | -8 -70 | -32 -19 | -72 -36
K—nt — 23 25 19 26 23 22 26 31
s - 49 60 | 28 41 | 23 27 | 27 35
BT | KOK* - 71 64 | -67 -56 | -32  -19 | -33 -24
0 -T+15 0 0 0 0 0 0 0 0
KtK~ — 14 16 11 18 - - - -
KOKO — -88 -95 | -87 B8 | -32 -19 | -33 -24
B | msms - 96 -98 | -16 39 | -32 -19 | 22 33
Ons - O 0| 0 0 |-32 -19]-33 -2
T 38427 42 54 43 42 23 22 26 31
700 - -49 -70 | 69 -85 | -32 -19 | -72 -36
[ AS=1 | Exp. [60° 90° | 60° 90° | 60° 90° | 60° 90°
K4 — 10 12 | 9.5 11 1.2 1.1 | 55 5.9
B KO7r0 3£37 10 12 | 9.5 11 1.2 1.1 | 55 5.9
Ktr= | -93+29 | -75 -7.7|-6.1 -64|-6.1 -55|-6.7 -7.0
KTng - 19 23 18 22 | 74 76 13 15
Bt | Ktn° 1+12 -5 -15 | .11 -12 | -6.1 -5.5 | -9.1 -9.8
KOt 1+6 34 39129 34|12 11| 13 1.3
KtK~ — -12 -16 | -13 -11 | -6.1 -55 | -6.7 -7.0
KK — 50 79|47 36|12 11|13 13
Bs | nsms - 81 11 |95 87|12 11|33 35
ons - 0 0 | -80 -71 - - 0 0
Tt~ — -1.4 -131]-09 -1.3 - - - -
7070 — -1.4 -131]-09 -1.3 - - - -
Table VI: Fit results for direct CP-asymmetries (Acp).
Sir (%) SU(3)-elastic On-shell cc
T [ 1 m_ [ IV
| AS=0 Exp. [60° 90° [ 60° 90° | 60° 90° [ 60° 90° |
KtK~ - -99 83 | -99 -90 - - - -
KOKO — 30 23 | -27r -52|-19 -10 | -24 -16
BY | nsns — |23 18| -49 36 | -19 -10 | -97 -86
78 — 6.2 -12|62 -12]-19 -10|-24 -16
ntm~ | -58+34 | 69 16 | -67 -1.3| -81 -6.5|-81 -9.7
700 - -67 84 (-39 51 |-19 -10 | 65 86

Table VII: Fit results for the time-dependent CP-asymmetry parameter S .
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