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We study decays of D°, DT, and D} mesons into two pseudoscalar mesons by expressing the decay
amplitudes in terms of topological amplitudes. Including consistently SU(3) breaking to linear order, we
show how the topological-amplitude decomposition can be mapped onto the standard expansion using
reduced amplitudes characterized by SU(3) representations. The tree and annihilation amplitudes can be
calculated in factorization up to corrections which are quadratic in the color-counting parameter 1/N..
We find new sum rules connecting D™ — K¢K+, DY — K¢z, and DT — K*+z°, which test the quality of
the 1/N. expansion. Subsequently, we determine the topological amplitudes in a global fit to the data,
taking the statistical correlations among the various measurements into account. We carry out likelihood
ratio tests in order to quantify the role of specific topological contributions. While the SU(3) limit is
excluded with a significance of more than 5 standard deviations, a good fit (with Ay? < 1) can be obtained
with less than 28% of SU(3) - breaking in the decay amplitudes. The magnitude of the penguin amplitude
Py, Which probes the Glashow-Iliopoulos-Maiani mechanism, is consistent with zero; the hypothesis
Pyreac = 0 is rejected with a significance of just 0.7¢. We obtain the Standard-Model correlation between
B(D® - K;7°%) and B(D° — Kgz°), which probes doubly Cabibbo-suppressed amplitudes, and find
that B(D® — K;7°) < B(D® — K¢z°) holds with a significance of more than 4. We finally predict

B(D} — K, K*) =0.012705%¢ at 36 C.L.

DOI: 10.1103/PhysRevD.92.014004

I. INTRODUCTION

While there is a plethora of experimental information on
hadronic charm decays, no theoretical method for dynami-
cal, QCD-based predictions for the corresponding decay
amplitudes is known. The best theoretical approach uses
the approximate SU(3) symmetry of the QCD Lagrangian
to relate the amplitudes of different decay modes to each
other. If one assumes this symmetry to be exact, one can
express the amplitudes of all measured decay modes in
terms of a smaller number of parameters, which are the
reduced amplitudes characterized by SU(3), quantum
numbers. Then one can predict the less precisely measured
branching fraction on the basis of exact SU(3) or assess
the validity of this assumption from the overall quality of
the fit [1-14]. SU(3) is broken, because the masses m,, 4
of the three lightest quarks are not equal. Comparing the
differences among these masses with a typical hadronic
scale one estimates SU(3), breaking to be around 30%.
In practice the quality of SU(3), symmetry can be much
better (e.g. in heavy-hadron spectroscopy) or much worse
(e.g. in heavy-quark fragmentation) and should be critically
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assessed for each system to which it is applied. Linear (i.e.
first-order) SU(3), breaking can be rigorously included
into the parametrization of the amplitudes, at the expense
of a larger number of reduced amplitudes. In the case of
D — PP', where D = D°, DT or D and P, P’ represent
pseudoscalar mesons, such studies have been performed in
Refs. [15-28]. (Remarkably, one can find relations between
amplitudes which even hold to first order in SU(3)p
breaking [29].) Since there are fewer D — PP’ branching
fractions than real parameters, there is a multidimensional
space of solutions (all giving a perfect ) for the latter.
Many of these solutions involve reduced SU(3) z-breaking
amplitudes whose sizes are indeed of order 30% or less
than the SU(3)g-leading ones, giving evidence (but no
proof) that the SU(3), expansion works. The redundancy
associated with the multidimensional space of solutions
poses a challenge for the numerical method to find the
best-fit solutions because of the many flat directions in the
space of reduced amplitudes.

An alternative way to parametrize decay amplitudes
involves topological amplitudes which are characterized by
the flavor flow in the decays [5,8—-11,13-17,19,28,30-32].
The building blocks of this approach are shown in Table I
and Fig. 1. The topological amplitudes permit an easy
and intuitive implementation of SU(3), relations. They
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TABLE 1. SU(3),-limit topological amplitudes.
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further have the merit that they categorize the decays by
dynamical criteria (i.e. whether the valence quark takes partin
the weak interaction and which meson picks it up) and permit
the combination of SU(3) - methods with other calculational
methods. In this paper we take a first step in this direction and
apply the 1/N, expansion (first applied to D decays in
Ref. [33]) to the tree (7') and annihilation (A) amplitudes of
Table I. (N, =3 is the number of colors.) 7 and A each
factorize into the product of a form factor and a decay constant
up to corrections of order 1/N2. We further include linear
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FIG. 1. Penguin annihilation diagram.

SU(3) breaking in the topological-amplitude decomposi-
tion, similar to the study of B decays in Ref. [19]. For fixed
values of T and A (obtained by adding achosen 1/N? deviation
to the factorized expressions) the number of fitted complex
topological amplitudes is reduced from 17 to 9, so that the
problem of flat directions is substantially alleviated.

The purpose of this paper is a systematic determination
of the topological amplitudes including linear SU(3)p
breaking from a global fit to 16 D — PP’ branching
fractions and the measured strong-phase difference
Ok+.-- For each topological amplitude we quantify the
amount of SU(3) breaking with statistical likelihood-ratio
tests using the statistical package myFITTER [34]. The latter
is especially convenient in order to include nonlinear
constraints in a frequentist analysis using the Sequential
Least Squares Programming (SLSQP) algorithm imple-
mented in ScIPY [35,36]. As a novel feature our statistical
analysis fully includes the statistical correlations between
the different experimental inputs. The ranges of the
topological amplitudes found by us are an important input
for the prediction of CP asymmetries. However, the latter
also involve quantities which cannot be extracted from
branching fractions [SU(3) triplet amplitudes], so that
additional input is needed for this purpose. This is one
reason why we do not include measurements of CP
asymmetries in our fit input. The other reason is their
sensitivity to new physics, whose quantification should be
separated from the determination of hadronic parameters as
much as possible. In this paper we also do not consider
decays into final states with n or #/, which involve
additional parameters.

The paper is organized as follows: In Sec. II we present
the parametrization of D decay amplitudes using topologi-
cal amplitudes. We discuss the inclusion of linear SU(3)
breaking and the appearing parametric redundancies in the
diagrammatic language. In Sec. III we combine the method
with 1/N,. counting and define our measures of SU(3),
breaking. In Sec. IV we present the result of our fit. Finally,
we conclude.

II. DIAGRAMMATIC PARAMETRIZATION
OF CHARM DECAYS

A. Notation

We choose the following conventions for the meson
states:
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K*) = us).  |K?) = |d5). (1)
K™) = —lsi).  |K®) = |sd), (2)
) = fud), ) = —=(1dd) ~ [uz).  (3)
V2
77) = —ldi).  |D%) = —|ca), (4)
ID*) =led). D) =c3). (5)
Here the “=" sign means that the flavor quantum numbers

of the meson state on the left-hand side equal those of
the quark-antiquark state on the right-hand side. Table I
shows the topological (flavor-flow) amplitudes. The cross
denotes the W-boson exchange encoded in the AC =1
Hamiltonian. We write the Cabibbo-favored (CF), singly
Cabibbo-suppressed (SCS), and doubly Cabibbo sup-
pressed (DCS) decays as

A(d) = Vi Vg Ald) = ViV udZC 7, (6)
ASCS(d) = 2,,A(d) = lstC 7., (7)
APCS(d) = Vv,V A(d) deZc T, (8

Here, we defined
Asa = (A = 2a)/2 = (VesVus = VigVua) /2. (9)

where A, = A, = —A,. T, is a topological amplitude (see
Tables I and 1I), ¢¢ is the corresponding coefficient from
Table I1I, and d = D — PP’ labels the decay mode. There
is a Cabibbo-Kobayashi-Maskawa (CKM)-suppressed part
x Vi, V,, in SCS amplitudes which can be safely neglected
in all branching ratios.

In the limit of unbroken SU(3), symmetry only the tree
(T), annihilation (A), color-suppressed (C), and exchange
(E) amplitudes are needed to parametrize all D — PP’
decays. While the penguin amplitude P; ,, (labeled with
the quark flavor running in the loop) is also nonvanishing in
unbroken SU(3), it only appears in the combination

Pbrea.k = PS - Pda (10)

where we have adopted the notation of Ref. [27]. T, A, C,
and E are commonly fitted together with the penguin
amplitude Py, which vanishes in the SU(3), limit
[9-11,13,19,28,37]. The normalization of the amplitudes
is such that

B(D — P,P,)=|AX(D - P,P,)|* xP(D,P,P,), (11)
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1
P(D Pl,Pz)—TDX
167m3,

/(= (mp, = mp, )2y = (mp,-mp, ).
(12)

with X = CF, SCS, DCS. In the following, we will only
make use of the notation .A(d) without superscript; see
Egs. (6)—(8).

B. SU(3)z-breaking

Any perturbative treatment starts with a subdivision of
the Hamiltonian H = Hy + H; into a piece H, treated
without approximation and the perturbation H;. The
S-matrix element of the transition i — f triggered by H; is

(FITe JE ), (13)

In our case H is the QCD Hamiltonian with m, and m, set
equal to m,. H, consists of the weak |AC| = 1 Hamiltonian
Hy and the SU(3);-breaking Hamiltonian

Hspgy, = (mg —my)ss, (14)
where isospin breaking is neglected. With our choice of H,
the asymptotic states #, f are eigenstates of H, which are
D or D mesons or two-pion states. To first order in Hy
and zeroth and first order in Hgysy. the transition ampli-
tude in Eq. (13) becomes

(] - i / ey (0)i)

Ufl =3 [[ s T oy ) Hser )1 (15)

The second piece accounts for the differences of amplitudes
involving a D7 in the initial state or one or two kaons in the
final state from their unflavored counterparts. The Feynman
rule of Hgyy, is an §s vertex which we denote by a cross
on the s-quark line. This approach is essentially identical to
the one of Ref. [19], where B decays have been considered.
Hgyey, also leads to #-' mixing. Using an #-' mixing
angle in our diagrammatic method may lead to a double-
counting of SU(3),-breaking effects, and we do not
consider final states with #()’s in the final state in this
paper. The corresponding topological amplitudes are col-
lected in Table II. We combine our topological amplitudes
into a vector

p= (.70 70,70 4. 4D D AD).

T

c.clV.cV .V EEY EV EY P’ (16)

Then we can write
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TABLEIL. SU(3).-breaking topological amplitudes corresponding to the amplitudes in Table III. The Feynman rule for H suy, 18 the
cross placed on an s line.
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TABLE III.
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The coefficients of the decomposition of the physical amplitudes [including SU(3) breaking] in terms of the topological

amplitudes as in Egs. (6)—(8). The table entries are the elements of the coefficient matrix M in Eq. (17).

Decay ampl. A(d) T Tgl) T;l) Tg') A AE” A(21> Ag” C CEI) C(zl) Cg” E Eg” Egl) Egl) Phreak
SCS
A(DY - KTK™) 1 1 1 0 0 0 0 0 0 0 0 0 1 1 1 0 1
A(D° = ntn) -1 0 0 0 0 0 0 0 0 O 0 0 -1 0 0 0 1
A(D® - KOKO) o0 0 0 0 O0 0 0 0 0 O 0 0 -1 -1 1 0
0 00 1 1 1
A(D° - 7°72°) 0 0 0 0o 0 0 0 0-k 0 0 o L o0 0o 0 -
A(DY — 72%7%) —\/% 0 0 0 0 0 0 0 —% 0 0 0 0 0 0 O 0
A(D* — K°K™) 1 1 1 0 -1 0 0 -1 0 O 0 0 0 0 0 0 1
A(Df - K°z%) -1 0 0 -1 1 1 1 0 0 O 0 0 0 0 0 O 1
0 1 1 1 1 1 1
A(Df - KT2°%) 0 O 0 0 -5 "5 "5 0 -7 0 0 v 0 0 0 0 -5
CF
A(D° —» K~ 7t) 1 1 0 0 0 0 0 0 0 O 0 0 1 1 0 O 0
0 0.0 1 1 1 1
A(DY — I{ 7") 0 O 0 0 0 0 0 0 AR 0 0 -5 "7 0 0 0
A(D* — K2%) 1 1 0 0 0 0 0 0 1 1 0 0 0 0 0 O 0
A(D} — K°K™) 0 0 0 0 1 1 0 1 1 1 0 1 0 0 0 0 0
DCS
A(D® —» K*77) 1 0 1 0 0 0 0 0 0 O 0 0 1 0 1 0 0
0 0.0 1 1 1 1
A(DY - K7) 0 0 0 0 0 0 0 0 7 0 7 0 v 0 -5 0 0
A(DT — K°zF) 0 O 0 0 1 0 1 0 1 0 1 0 0 0 0 0 0
0 1 1 1 1
A(Dt - K*7") 7 0 7 0 -5 0 v 0 0 0 0 0 0 0 0 O 0
A(D} — K°K™) 1 0 1 1 0 0 0 0 1 0 1 1 0 0 0 0 0
Mp=A (17) There is one more SU(3)g-breaking topological

with a 17 x 17 coefficient matrix M and A =
(A(D° - K*K7), ..., A(D} = K°K™))" subsuming the
decay amplitudes. The ith column of M contains the
coefficients cf of Egs. (6)—(8). Table III shows A in
the first column and lists the elements of M as table entries.
We remark that the only final state with two identical
mesons is |7°7°). In D°(pp) — 7°(p,)z°(p,) two effects
must be taken into account: first, each topological ampli-
tude appears twice (with p, and p, interchanged, leading to
a proper Bose-symmetrized state). Second, in the sub-
sequent phase space integration one integrates the azimu-
thal angle over the interval [0, 7| rather than the usual
[0,27], because the two pions are indistinguishable. The
resulting factor of 1/2 in the decay rate (compared to the
other listed decay rates) is accommodated through a factor
of 1/4/2 on the amplitude level in Table III. For example,
the factor of 1/v/2 multiplying E is the result of the
mentioned factors of 2 and 1/ v/2 and two factors of 1 / V2
stemming from the |z°) state in Eq. (3). Note that it would
be unwise to define the SU(3) - limit from some average of
s and d diagrams, since with this choice the asymptotic
states constructed from H, would not correspond to
physical mesons. Furthermore, there would be far fewer
zeros among the coefficients in Table III which would
further complicate the analysis.

amplitude, the penguin annihilation amplitude PAy. =
PA; — PA; depicted in Fig. 1. While the dynamics
described by this amplitude is different from the ones
discussed so far, PAy., enters the decay amplitudes in
such a way that it can be absorbed into other amplitudes.
Thus it is a redundant fit parameter, as explained in the
following section.

C. Redundancies

The relationship between physical and topological
amplitudes is not one-to-one. If no other dynamical
information on the latter is used, the determination of p
from A in Eq. (17) yields an infinite set of solutions
describing the data equally well. A priori this feature
renders fitted numerical values of T, ..., Py, meaningless
and obscures the comparison of different analyses in
the literature. There are two ways to address this problem:
One can simply remove redundant parameters and quote
numbers for the linear combinations of the topological
amplitudes which are in one-to-one correspondence with
the physical ones. Or one can use further theoretical (and
experimental) input to constrain the topological amplitudes.
We determine redundancies among 7, ..., Py in this
section and relegate the second approach to Sec. III.

The first redundancy is related to PAy,., of Fig. 1, which
appears in SCS decays with the coefficients in Table IV.
The listed column of coefficients is linearly dependent on
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TABLE IV. The coefficients of the topological amplitude

PAy.qc Which is absorbed into E, E§12>3 in Table III as explained
in Sec. II C.

Decay d PApeax

SCS

DY > KK~
DY = zta~

DY - KYKO
D% — 7079

Dt — 2%z
Dt — KK+
D — Koz+
DY — K+a°

oooo§|_»—~—

the four columns of coefficients of E, E(11%3 in Table III
That is, we can absorb PAy., into the exchange

amplitudes by redefining E = E — PAyeu. Eﬁlgg =

E{') ; + PApyea. In Table 111 this redefinition is implicitly

already performed, so that PAy., 1s not shown there
(1)

i

anymore. The physical meaning of E, E

accordingly, to be read as E, Ef-l) with the penguin

annihilation mechanism included. However, |PAp.q.| is
expected to be negligibly small: The corresponding Wilson
coefficient in Hy is small and the momentum flowing
through the penguin loop is large (of order of the D° mass)
so that the Glashow-Iliopoulos-Maiani (GIM) [38] sup-
pression will be effective.

Further redundancies are related to the fact that our
coefficient matrix M in Eq. (17) does not have maximal
rank. Considering first the SU(3), limit ignoring

Tgl),Af.l), Cf.l), and El(.l) one observes that the remaining
matrix in Table III linking 7, C, A, and E to the physical
amplitudes has only rank three. That is, one of T, C, A, and
E is redundant.

Redundancies of the diagrammatic approach in the
SU(3), limit are also discussed in Ref. [9], comparing
to the SU(3)  parametrization in Ref. [7]. The correspond-
ing matching for B decays is done in Ref. [10]. Note that
the redundancies change when taking 5) final states into
account [14,23], leading to more parameters but also
additional sum rules [29].

Including SU(3), breaking, the 17 x 17 matrix M in
Table III has rank 11. Consequently p in Eq. (16) con-
tains six redundant complex parameters. The remaining
parametric redundancy contained in Table III can be
systematically found and removed as follows. It is encoded
in the six-dimensional kernel of the coefficient matrix.
The 17-dimensional basis vectors of the kernel are given
in columns 2 to 7 of Table V. If we redefine p in Eq. (16) as

p*t =p+ zcinh
i

changes

¢ €C, (18)

PHYSICAL REVIEW D 92, 014004 (2015)

this will not change Mp in Eq. (17); i.e. the n; define the
“flat directions” in parameter space which correspond to
the same 4. One can remove this redundancy by redefining
the topological amplitudes and choosing 11 of them as new
independent parameters. For example, we can set

I;new =p-—- Pbreaknl (19)

which gives the result in the first column after the double
line in Table V. Subsequently, we can redefine the param-
eters in order to eliminate Py.,. In order to remove all
redundancies in one step one can choose

(1)

A 1 1
pnew =p- Pbreaknl - E3 (V)

n, —E2 nj3

—An, - A", +n5)—c'ng  (20)

and then perform redefinitions of the other parameters in
order to remove

Ppreac ES ESV A, A LY (21)

from the parametrization. Note the special form of ny
which encodes the redundancy present in the SU(3) . limit.
n, forces us to eliminate one of 7, C, E, or A, while the
other five eliminations involve SU(3),-breaking ampli-
tudes [e.g. those in Eq. (21)]. The elimination of A only is
also shown in Table V. Additionally, from n5 we see that

(1)

the coefficient vector of A3’ is linearly dependent on the

other annihilation coefficient vectors. Consequently, Ag”
can be absorbed by redefining annihilation amplitudes only,
as shown also explicitly in Table V.

Note further that the n; are linearly independent also
when removing all but the first six elements. This means it
is not possible to perform redefinitions without touching
the tree or annihilation diagrams. Equivalently, the sub-
matrix obtained by removing tree and annihilation dia-
grams from Table III has rank nine, which in this case
equals the number of remaining parameters, i.e. the lower
nine components of p. This observation guides us to the
approach of Sec. III: calculating tree and annihilation
amplitudes will also remove the redundancies.

After absorbing some topological amplitudes [e.g. those
in Eq. (21)] into others, the new amplitudes have lost their
original meaning in terms of QCD dynamics. An important
question in charm physics is the level of GIM cancellation
between an s loop and a d loop. In this paper we encounter
Pyeax @s a quantity probing the GIM mechanism. A naive
quark-level calculation involves a suppression factor of
m2/m2 and renders Py, negligibly small. Thus any
information on the actual size of Py | may give insight
into a possible nonperturbative enhancement of GIM-
suppressed amplitudes. However, as shown above and
exemplified in Table V the fit to topological amplitudes

014004-6
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TABLE V. The parameter vector p as defined in Eq. (16), vectors n; spanning the kernel of the coefficient matrix M in Table III, and

several redefined parameter vectors; see Eqgs. (18)—(20).

p n n, n; n, n; ng P — Py p—Any p— ,431)115
T 1 1 0 1 0 0 T — Poy T—A T
7 - -1 I 0 0 0 T 4 Py o o
7 -1 0 1 0 0 0 7 4 Py 7l 7
7 0 0 0 0 0 -1 7l 7 7
A 0 0 0 1 -1 0 A 0 A+ Ad
A 0 0 1 0 0 ~1 A A A
Al 0 1 -1 0 1 0 AW Al AD 4D
Agl) 0 0 0 0 1 0 A(31) A(Sl) 0
c -1 -1 0 -1 0 0 C+ Py CrA c
it | 1 -1 0 0 0 i py, i i
) i 0 i 0 0 0 A Py b e
i 0 0 0 0 0 1 o i ¢l
E 0 -1 0 -1 0 0 E E+A E
E§1> 0 1 -1 0 0 0 E§1> E(ll) Egl)
£ 0 0 1 0 0 0 £ £ £
£ 0 1 0 0 0 0 £ £ £
Py 1 0 0 0 0 0 0 Py Py

alone cannot give this information, because Py, cannot be
separated from the other parameters fitted from the data.

As we have seen above, the calculation of the kernel
gives a method to remove redundant parameters. In the
same way, the cokernel of M gives us information on
“redundant” amplitudes, i.e. six sum rules fulfilled by the
latter, all of which were found in Ref. [29]. In other words:
if one did a Gaussian elimination to determine p from
Eq. (17), one would end up with a 6 x 17 block of zeros in
the transformed coefficient matrix M and linear combina-
tions of physical amplitudes in the corresponding six
entries of \A. These linear combinations vanish by the
SU(3)r sum rules of Ref. [29]. Thus the discussed
redundancies are not the consequence of missing exper-
imental information but of the symmetry relations under-
lying these sum rules. It is instructive to rederive these sum
rules with our diagrammatic method, which is particularly
straightforward and intuitive. We do this in Appendix D.

We checked that after the removal of all redundancies,
the diagrammatic parametrization and the common expan-
sion in terms of SU(3), representations can be mapped
onto each other; i.e. one can calculate one set of parameters
when given the other one. The mapping can be obtained
explicitly by inverting either the reduced coefficient matrix
M or its counterpart in the SU(3) method. Note that in the
SU(3) parametrization unphysical degrees of freedom are
present in the very same way. Analogously, it is possible to
redefine SU(3), matrix elements in order to obtain a
physical basis [23]. In Appendix B we give the inverse
of the SU(3) . coefficient matrix of [23] and show the result

of the extraction of the corresponding SU(3), matrix
elements for an example fit point of our diagrammatic
analysis. So far our discussion of redundancies has
assumed that the amplitudes in A are known. In practice,
there is no information on most of their complex phases
(and not all of them are physical). This feature introduces
additional flat directions in the space of our fit parameters
and is equally present in the SU(3); method.

The discussion above has made clear that the topologi-
cal-amplitude method is complete in the sense that it
contains the full information contained in an SU(3).
analysis including SU(3) breaking to linear order. It is
also worthwhile to study this question from the viewpoint
of QCD dynamics: are there any dynamical mechanisms
which cannot be mapped onto topological amplitudes? As a
first topic we discuss final-state rescattering, i.e. decays
D — f' — f passing through an on-shell intermediate
state f’. The flavor flow for such a rescattering process
is always a deformation of a diagram in Table I or Fig. |
and is therefore included in the corresponding topological
amplitude. Rescattering effects cannot be isolated from the
“direct” D — f decay, because the dispersive part of
A(D — f'— f) cannot be separated from that of
A(D = f) in a meaningful way. (Neglecting CP violation
we can choose phase conventions such that the dispersive
and absorptive parts of some amplitude equal its real and
imaginary parts, respectively.) By the optical theorem the
absorptive part of A(D — f) can be related to A(D — f”)
and the f’ — f scattering amplitude, with summation over
all intermediate states f’. This feature holds true for the
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FIG. 2. Example for a SU(3)-breaking diagram involving sea
quarks which can be absorbed into Py, ; see Table II.

topological amplitudes as well. The imaginary parts of the
topological amplitudes found in our fit in Sec. IV are
therefore a measure of the size of rescattering. The second
topic of QCD dynamics addresses the proper description of
meson states. The state of e.g. an energetic kaon can be
expanded as

K?) = |ds) + |dsg) + |d5qq) + - - (22)

where the notation implicitly contains convolution integrals
over the kaon momentum fraction carried by the indicated
partons. Our graphical description of the topological
amplitudes only catches the first term in Eq. (22). The
higher Fock states |d5g), |d5uii), ..., are suppressed with
powers of the kaon energy, but in view of the small energy
release in D decays this suppression is unlikely to be
realized numerically. We may wonder whether the con-
tributions with additional gg pairs in Eq. (22) will require
the introduction of further amplitude topologies, with extra
quark lines connected with “sea” quarks in the mesons.
An example is shown in Fig. 2. However, it is easy to see
that such diagrams are always obtained by forking a quark
line of one of the topological amplitudes considered so far.
For instance, the diagram in Fig. 2 is contained in Py

III. THEORETICAL INPUT ON
DIAGRAMMATIC SU(3), BREAKING

The great advantage of the flavor-flow parametrization
over the plain SU(3) approach is the opportunity to add
dynamical input to constrain individual topologies. We use
two different such inputs which are presented below.

A. 1/N, counting
The 1/N, expansion [39] has first been applied to charm
physics in Ref. [33]. We will apply 1/N. counting to the
tree and annihilation topologies, which are leading in 1/N,..
Here we exemplify the method for 7"

T =T% +6p, (23)

G
T4 = —Za\fo(mp — my)F™(m3). (24)

V2

PHYSICAL REVIEW D 92, 014004 (2015)

Herea; = C, + C; /N, = 1.06 in terms of the usual Wilson
coefficients C; , of Hy, and the quoted value corresponds to
next-to-leading order in the naive dimensional regulariza-
tion (NDR) scheme at a scale of 1.5 GeV. It is important to
note that the color exchange between the two quark lines in
the T diagram in Table I is penalized by rwo powers of 1/N...
We parametrize this 1/N2 correction by the complex
parameter 67 in Eq. (23). Also the renormalization scale
and scheme dependences of a, are suppressed by 1/N2. By
using Eq. (23) and the equivalent formulas for the other tree

amplitudes T + Tgl), ..., we trade four parameters for a
single parameter 67 with |5;/T%¢| < 0.15. SU(3) - breaking
in this small parameter is neglected, because it is smaller
than the neglected second-order SU(3),-breaking effects.
FBP7(m2) entering 7™ is measured in semileptonic D
decays, and therefore the 1/N,. method uses additional
experimental input, too. Also the A amplitudes factorize
up to corrections of order 1/N2. The factorization formulas
for all tree and annihilation amplitudes can be found in
Appendixes C | and C 2, respectively. In analogy to 67 we
define the complex parameter

Sy = A — Al (25)

for the O(1/N2) corrections. A™ depends on the form factor
F (’)(”(m%@); see Appendix C 2 for details.

E, C, and Py, are formally suppressed by one power of
1/N. with respect to T. However, E and C are enhanced by
short-distance QCD effects residing in the Wilson coef-
ficients: we write Hy xC1 Q1+ C,0,=(C;+C>/N.) O+
2C,Q¢ with  the octetxoctet operator Qg =
iy, T%cq'y*T?q and note that (PP'|Qg|D) is 1/N, sup-
pressed. However, the Wilson coefficient 2C, = 2.4 almost
exactly offsets the 1/N, suppression, so that E and C can
be almost as large as 7. We therefore do not place a
numerical constraint on |E|, |C|, or |Ppq| in our fit but
rather keep them general.

With the added 1/N, input the diagrammatic analysis
becomes more constrained compared to the plain SU(3),
approach. Factorization fixes the sizes of the tree and
annihilation amplitudes within roughly ~15% of T, i.e.
the size of the 1/N? corrections. In the case of A the 1/N?
corrections quantified by d, include final-state rescattering
effects [24,40—44], which are not proportional to the decay
constant f, which enters A™. We therefore do not normal-
ize 8, to A™, but instead allow |54| to be as large as |57|.
Factorization has also been used in Refs. [28,45], but only
to estimate SU(3) - breaking. We instead use it to constrain
the overall sizes of 7 and A. Note that we treat 7% and A
beyond linear SU(3), breaking, so that these factorized
amplitudes violate the Grossman-Robinson SU(3), sum
rules [29].

The parameters o7 and 5, replace the first eight entries of
p in Eq. (16) as fit parameters. We use
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1 1 1 T
( ) E( ) E( )’ Pbreak) ,

1 1 1
Vool B B ES
(26)

p/ = (6T’ 5A’ C’ C

comprising 11 parameters in total. We next derive the
equivalent of Eq. (17) for this new set of parameters. To this
end we define

A(d)

A(d) — AR (d), (27)

Afac(d) = Tfac(d) —I—Afac(d). (28)

The 17 x 11 coefficient matrix linking p’ to A =
(A(D° - KTK™), ..., A(Df — K°K™))" has only rank
ten. This has two implications: First, there is still a
redundant parameter. Second, there is a new sum rule

among the physical amplitudes. Addressing the first point,
the kernel has the 11-dimensional basis vector
n=(-1,-1,1,0,0,0,1,0,0,0,0)7, (29)

where the order of the entries is the same as in Eq. (26). The
redefinition
p’ =p' +6;m (30)

with n as in Eq. (29) absorbs §, into C, E, and 7: setting

PHYSICAL REVIEW D 92, 014004 (2015)
(31)

(32)

C=CH+6,,

E=E+34,,

one observes that the physical amplitudes only depend on
C, E, and 6, — 5,. Writing

p=(6r-64C V.V EEY ED EY P
(33)

the desired equivalent of Eq. (17) reads
Mp = A, (34)

with the amplitudes of Eq. (27) on the right-hand side. The

resulting 17 x 10 coefficient matrix M with rank ten is
shown in Table VI. Addressing the second point, we find
the new sum rule

A(DT - K°K") — A(D} — K°z")
- 2V2A(D* - K*t2%) =0,

(35)

from the cokernel of M. It tests the 1 /N, counting and is
violated by terms which are linear in SU(3) breaking, but
suppressed by two powers of 1/N..

TABLE VI.  Coefficients of the parameters (57 — 8y, ..., Pyreax) for the amplitudes ,Zl(d), which are obtained from .A(d) by subtracting
the factorized part; see Eq. (27). The table entries are the elements of the coefficient matrix M in Eq. (34).

Decay ampl. ,Zl(d) O — 6, C=C+34, C(ll)
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The 1/N? corrections parametrized by 87 4 are varied in
smaller ranges than the other fit parameters. If we consider
them fixed, there remain nine unknown complex param-
eters in Eq. (26) and a corresponding coefficient matrix
with rank nine, implying a new sum rule. We combine the
new rule with the one in Eq. (35) as

AD* = RK*) — A(Df — KOn") = 2(; —64).  (36)
A(D* > K*1°) = \% (87 — 84). (37)

The amplitudes in Eq. (35) are related to those with K ;
in the final state as

AD" - K KT) = ;%A(zﬁ - K°K*),  (38)

7
! + +
—2A(DS - K%%).  (39)

75

The corresponding branching ratios read

ADy = Kgpnt) =

B(D" - K¢, K")
~ PP KO KY)
X |AR(DY — K°K™) + (67 — 64) + Poreax|*.  (40)

B(Df - Kg;n")
= 44*P(D} . K°. ")
% |Afac(D;r N K07z+) - (5T - 5,4) + Pbreak|2’ (41)
B(D" — K+7Z0)
= |V2dVL¢s|2P(D+’K+’ﬂO)
x | A (Dt - K+ a0) + (57 — 84)

L4

with P(D, Py, P,) as defined in Eq. (12). Equations (40)—
(42) permit one to probe our combined SU(3), and 1/N.,
expansion quantitatively, since a too large value of
|67 — 84| extracted from Egs. (40)—(42) would falsify the
method. Furthermore, the size of |Py..| gives insight into
an important issue of QCD dynamics, the size of the
GIM suppression in the difference between strange and
down loops.

In Table VII we show example fits to the branching ratios
Egs. (40)—(42) only, testing the dependence of the fit result
on the 1/N? corrections and the broken penguin.

In the first place, we illustrate that the data can easily be
accommodated for realistic values of o7, d4, and P
(point 0). Taking these parameters out of the fit (point 1)
results in a bad description of the data which is rejected at
7o. It is possible to describe the data with an enhanced
broken penguin only (point 2) but also with Py, = 0 and

PHYSICAL REVIEW D 92, 014004 (2015)

adjusting 67 and 6, (point 3). A better knowledge of the
form factor F{f”(m,%( )) (see Appendix C?2) is crucial in

s

order to disentangle an enhanced penguin from 1/N?2
corrections. This could be provided by future high statistics
measurements of 7 decays [49,50].

B. Measuring diagrammatic SU(3); breaking

In order to describe SU(3), breaking in the framework
of the diagrammatic approach, we introduce the following
measures in analogy to Ref. [23]. We define

8 = max,

, (43)

where 7 = C,E, Pyec and AL (d) is the part of the
amplitude of decay d stemming from the corresponding
SU(3) p-breaking parameter(s) only. .A(d) denotes the full
amplitude of decay d. The parameters defined in Eq. (43)
give a measure for the maximal SU(3)-breaking contri-
bution to the full amplitude from each topology.

A measure of the maximal SU(3), breaking residing in
any of the topologies C, E, and Py, is therefore

> r AL (d)
4?'4 @ ’ (44)

/,topo __
Oy = = max,

Note that the SU(3), breaking stemming from our calcu-
lation of the 7 and A topologies using factorization is not
included in the definition Eq. (44).

Furthermore, we quantify the relative SU(3) breaking
of C and E topologies by the measures

1)

(1

E.
k] 5Xl =
E

i ()
1) c!
5? /C — ‘ i ’ (45)

VJE ’EE

respectively. In the fit we always demand all the above
measures to be <50%. In &y and 67y we ignore
B(D° — K°K") when taking the maximum, because this
branching ratio vanishes in the SU(3) limit. Note that Egl)

appears in the omitted channel D° — K°K° only, and

therefore 65" = 0 is insensitive to the size of Eg]) #0.
Furthermore, in case an amplitude vanishes at some point in
parameter space we also exclude it from the calculation of
the maxima in Eqgs. (43) and (44).

IV. FIT TO BRANCHING RATIO
MEASUREMENTS

In our global fit we use the available measured branching
fractions and the strong phase difference g+ ,- and impose
the theoretical constraints quoted in Sec. III. 18 of the fit
parameters are related to topological amplitudes:
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TOPOLOGICAL AMPLITUDES IN D DECAYS TO TWO ... PHYSICAL REVIEW D 92, 014004 (2015)

TABLE VIL.  Fits to the branching ratios B(D* — K¢K*), B(D} — Kgzx*), B(D* — K*z°) only, without taking correlations and
additional constraints on SU(3), breaking (see Sec. III B) into account. The form factors are varied as described in Sec. IV and
Appendixes C 1 and C 2. The y? is the one taking into account the three given branching ratios and form factors only. v are the number of
degrees of freedom compared to the fit scenario of point 0. The significance of rejection takes point 0 as null hypothesis (n/a refers not
applicable).

Example fit point with minimal y: Point 0 Point 1 Point 2 Point 3 Exp. data
Applied conditions: None Poek =07 =04 =0 067 =06,=0 Ppreax =0 n/a

| Porear/ T 0.25 0 0.54 0 n/a
arg(Ppreax) -1.95 0 2.21 0 n/a
|67|/ TTee 0.11 0 0 0.15 n/a
arg(57) 3.07 0 0 -2.74 n/a

|64/ Afee 0.09 0 0 0.11 n/a
arg(5,) 0.67 0 0 0.00 n/a
F?“K(O)/Fé’”(o) 0.96 1.01 0.95 0.97 n/a
FPX(0) 0.74 0.72 0.74 0.74 n/a
FB7(0) 0.64 0.64 0.64 0.64 n/a
|F([>(”(m%><\-))| 2.39 1.99 4.50 1.62 n/a
arg(F&™ (m? o)) 1.71 -1.29 -1.15 -2.36 n/a

T% /107 GeV 2.52 2.52 2.52 2.52 n/a

T (Dt — K°K*)/107° GeV 3.40 3.34 3.40 3.40 n/a

T (D} — K°z%)/107% GeV -2.53 -2.68 -2.51 -2.57 n/a
T%(D* —» K*7°)/107% GeV 222 222 222 222 n/a
AR(D¥ - K%z+)/107° GeV -0.18 +1i1.22 0.28 —i0.99 094 -i2.12 -0.59 —i0.59 n/a
Af(D* - K*+79)/1076 GeV 0.10 — i0.68 —-0.16 + i0.55 -0.53 +i1.19 0.33+4i0.33 n/a
B(Dt — KgK*)/1073 2.83 4.04 2.85 2.83 2.83 £0.16 [46]
B(Df — Kgnt)/1073 1.22 1.22 1.23 1.22 1.22 +0.06 “[46-48]
B(D* - K*x%)/10™* 1.83 1.83 1.72 1.83 1.83 £ 0.26 [46]
7 0.00 63.93 0.20 0.00 n/a

v n/a 5 3 2 n/a
Significance of rejection n/a 7.00 0.030 0.00 n/a

*Our average.

‘é /T, arg(C), |E/Tfe|, arg(E), including the respective correlations, are listed in

) ) ) (1) Appendix A. The number of parameters is larger than
IC; s arg(C; ), E; |, arg(E; "), the number of observables. However, the 27 parameters are
|Porear/ T, arg(Ppreak ) subject to ten constraints on the maximal size of linear

SU(3) breaking (see Sec. IIIB) and the bounds

with i = 1,2,3 and T™ is calculated from Eq. (24). We |67.4] <0.15T™¢. At the global minimum we obtain
normalize to T™ rather than T = T%™¢ + 5, because our fit x> = 0.0; i.e., the parametrization and theoretical input is
is only sensitive to the combination 67 — §, and therefore
leaves 67 undetermined. These 18 quantities are supplied
by four parameters measuring the 1/N? corrections to the
tree and annihilation diagrams:

TABLE VIII. Results of several likelihood ratio tests. Shown
are the obtained y2, the relative degrees of freedom (dof) of the
hypothesis compared to the null hypothesis, which is the full fit,
and the significance at which the hypothesis can be rejected.

671/, arg(ér), 641/ T, arg(,).

o Significance
In addition we need five parameters related to form factors:  Hypothesis of rejection Ay? Dof
P =0 0.7¢ 1.3 2

DK break
Fy'"(0)/F§7(0),  F§X(0).  Fgr(0), o _ g _ch_gy; 50 B34 14
break — &~; — Y~ — l

|FX7(m3)|, arg(F&=(m3)), EV=ovi 3.00 20.3 6
and set F{"(mp, ) = F§"(mp). Altogether these are 27real - 1) _') 430 31.6 6
parameters, which are fitted to 16 measured branching Cl_ cV_ov; >50 267 x 103 8

ratios and one strong phase. The experimental input values,
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FIG. 3 (color online). SU(3) limit topologies. In (e) and (f) the dashed (solid) line denotes the 68% (95%) C.L. contour.
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FIG. 4 (color online). Ay profile of the parameters &5 " measuring SU(3) z-breaking in C, E, and Py,eq (a), (b), (¢) and of &3P
defined in Eq. (44), which quantifies the overall SU(3),-breaking (d).

in perfect agreement with the data. Thus the data are both
compatible with our chosen bound on SU(3) breaking
(i.e. all measures defined in Sec. III B are smaller than 50%)
and the six Grossman-Robinson SU(3), sum rules [29].
In order to study the relative importance of the topologi-
cal amplitudes for the description of the data, we perform
likelihood ratio tests. We look at several scenarios where
some of the parameters of our fit are fixed. In order to keep
the fit simple, we assume the validity of Wilks’ theorem
[51]; i.e. we calculate the p-value according to [34,46]

p=1-P,;(0y*/2), (46)

with the normalized lower incomplete Gamma function
P,/, depending on the number v of relatively fixed
parameters compared to the full fit. For a general discussion
of the assumptions underlying Eq. (46) see Ref. [34].
The results of our likelihood ratio tests are shown in
Table VIII. This table shows at which significance we can
reject a certain hypothesis. For example, we can reject
Pyreak = 0 at only ~0.70, implying that Py, = 0 is well
consistent with the data. However, the fit shows a clear need
for SU(3), breaking: the SU(3)p-limit fit with Py =
El(-l) = CEI) =0V i is rejected at >50. Looking at the

SU(3) breaking in specific topological amplitudes we find
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a slight tendency toward a stronger SU(3)  breaking in the
color-suppressed tree than in the exchange diagrams.

In Figs. 3-7 we show plots of the fit parameters,
measures of SU(3), breaking, and fit predictions for
observables. We see that in the multiparameter space the
best-fit solutions cover broad regions and typically several
disconnected best-fit regions exist. Considering that there
are more parameters than fitted quantities the large degen-
eracy of the best-fit region is not surprising. It is moot to
quote best-fit values for the parameters, because one can
move in a wide valley with Ay?> = 0. We suspect that the
alternative approach of a Bayesian analysis would single
out a small portion of this Ay? = 0 valley as a consequence

[
W N —

1
— 1
— 1

0.0 0.1 0.2 0.3 0.4 0.5
leRytel
(a)

(@2

S S S
([
W N —

Ozil_mmm;.f;m
0.0 0.1 0.2 0.3 0.4 0.5
BV /E)
©

FIG. 5 (color online).

PHYSICAL REVIEW D 92, 014004 (2015)

of the Bayesian prior placed on the fit parameters and the
central limit theorem of statistics. Therefore frequentist
analyses like ours are more adequate to the problem.

The phase of C significantly deviates from 0 and 4z
[see Fig. 3(b)], which points to large rescattering effects.
The fit results for |C/T%¢| and |E/T™| (see Fig. 3) show
disconnected regions at 95% C.L. C and E are suppressed
by 1/N, but involve a large Wilson coefficient ~2.4
as discussed in Sec. III A. Thus only solutions with
|C/T™¢|,|E/T™| <1 are consistent with 1/N, counting,
which singles out one of the three regions in the
|C/T™|-|E/T™<| plane.

5 .
— =1
— =2

4t — =3

5 .
— =1
— =2
4 — =3
3l
T
<
9l
1, ]
OM_L
- —7/2 0 /2 T
arg(E}")
d

SU(3)p-breaking color-suppressed tree (a), (b) and exchange (c), (d) topologies.
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The broken penguin (a), (b) and its correlation to parameters measuring the 1/N . corrections (c). In (c) the

dashed (solid) line denotes the 68% (95%) C.L. contour and the region to the right of the contours is allowed.

The needed maximum size of total SU(3), breaking on
the amplitude is given by 65 *° ~ 30% in agreement with
Ref. [23], as can be read off Fig. 4(d). Note that 63" as

well as 5;’(7 do not measure the average but the maximal
size of SU(3)y breaking in one of the 17 decay channels
except for D° — K°K?; see Sec. III B. Thus, these mea-
sures are very conservative and could in principle be biased
by a single channel. However, the need for SU(3).
breaking in individual parameters can be considerably

smaller than 30%; e.g. |E,(»1>| ~0, |C§13)| ~ 0 is well allowed
at lo [see Figs. 5(a) and 5(c), respectively]. Also a
|Porea/T| below 5% already gives very good fits [see
Fig. 6(a)]. In Fig. 4(c) we see that the same is consistently

/, P,
the case for 5y ™.

From Figs. 4(a) and 4(b) we again see the slight tendency
for larger SU(3), breaking in the color-suppressed tree
topologies compared to the exchange diagrams.

As illustrated in Table VII discussed in Sec. III A around
Egs. (40)—(42), the broken penguin Py is correlated with
the parameter 8, —J, quantifying 1/N2 corrections to
factorizable amplitudes. This feature can be verified in
Fig. 6(c) which shows this correlation. A vanishing penguin
Prreak ~0 is allowed at the price of 1/N,. breaking
corrections of order 2 15%. Note again that this correlation
heavily depends on the poorly measured form factor
F§7(mp, ). Interestingly, the fit result for F§"(mp, )

(see Fig. 7) is not completely flat, showing its nontrivial
influence on the branching ratios of charm decays. The
branching ratio B(D* — K* ") depends on no topological
parameters besides o7 and §,. Its fit result, which is given in
Fig. 8(a), shows that our assumptions on the ranges
for 67 and 64 are loose enough to accommodate the
measured branching fraction. However, large fit results
for B(D* — K*z°) are slightly disfavored.

We may next ask whether we can use our fit output to
predict individual branching fractions better than they are

OMJJ\M‘_.

10 15 20 25 30 35

EE~(md )|

4.0 45

FIG. 7 (color online). The form factor F (I)(”(m%)(\)).

currently measured. Our general finding is as in Fig. 8(a);
the fit output for the Ay? profiles essentially tracks the fit
input. To find nontrivial predictions for future measure-
ments we must study correlations between at least two
observables. A nice result is shown in Fig. 8(b) revealing
the correlation of B(D® — K;7%) and B(D° — K2°). In
the SU(3), limit the branching ratios are strongly corre-
lated through their parametric dependence’

'In order to find the correct relative signs in Egs. (47) and (48)
one must define K, correctly. Equations (1) and (2)
comply with |K°) = C|K°) = —CP|K") entailing |Kg)=
(K% —|K°))/+/2. We have checked our results by studying

(=)
the full decay chain D° - K°[— z*z7]2%, from which the K°
sign conventions drop out.
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FIG. 8 (color online). (a) Ay? profile of B(B* — K*z°) and (b) correlation between B(D° — K, z°) and B(D" — Ksz°). In (a) the
red dashed (solid) line indicates the 16 (26) experimental error. In (b) the dashed (solid) lines are the 68% (95%) C.L. contours of our fit
and the dark (light) gray shading denotes the 68% (95%) C.L. region of the measurements. Here, the solid red line corresponds to
B(D® - K, 2°) = B(D® - K¢n°).
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FIG. 9 (color online).  Blue: Our results for several observables probing doubly Cabibbo-suppressed amplitudes [see Eqs. (49) and (50)].
The lines correspond to 1o (dashed), 26 (solid), and 3¢ (dashed-dotted) confidence intervals, respectively. The experimental error in R (DO)
is obtained by Gaussian error propagation from Table X. The results from other groups [52—-55] are shown in black. In case of (a) R(D°) and

(®) | % | no errors are given in Refs. [52-55]. (a) Black: prediction of Refs. [52-55]. Red (below the black point): experimental

error. (b) Black: prediction of Refs. [52-55]. (c) Black: 1o range predicted in Ref. [55]. (d) Black: 1o range predicted in Ref. [55].
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B(D® - Kgn°) ~ |E— C|> +222|E - C)*, (47)

B(D° - K; 2% ~|E-C]*=22}|E-C

L4

which implies B(D° — K;7°) <B(D° — K¢z°). This
relation is a priori absent once SU(3),-breaking effects
are included, because the latter can be larger than |E — C|.
However, the global fit rejects this possibility: in
Fig. 8(b) the region corresponding to 95% C.L. entirely
satisfies B(D° — K, %) < B(D° — K4z°). Performing a
dedicated likelihood ratio test we find that B(D° —
K, %) < B(D® - K¢z°) holds with a significance of
more than 4¢. Our fit excludes a large region of the
B(D® - K¢n°)-B(D° — K;2°) plane which is still
allowed by the individual measurements. To quantify our
findings further we define

B(D° - Ksz°) — B(D* - K, 7°)

0
k(D) B(D° - Ksn°) + B(D® — K, 2°)

(49)

and quote the confidence intervals in the first row of
Table IX. The ratio of the magnitudes of the DCS and CF
amplitudes is listed in the third row of this table. Figure 9
visualizes these confidence intervals and also shows the
prediction of Refs. [52-55], which is the black dot
corresponding to R(D®) = 2tan’d. (where 6. is the
Cabibbo angle). The result is quoted without uncertainty
in these papers, and Refs. [53-55] argue that corrections
from SU(3) breaking to these relations are small.
References [54,55] arrive at this conclusion by calculating
the amplitudes in QCD factorization [56,57], which is a
calculational method valid for values of m, much larger
than the hadronic scale governing the infrared structure of
the decays. Our fit permits sizable corrections to R(D°) =
2tan? O from the SU(3) breaking contributions, so that
future measurements will give insight into the size of
SU(3) breaking and the viability of QCD factorization in
charm physics.

Another test of doubly Cabibbo-suppressed contribu-
tions involves the decays Dj — Kg;K*. We study

TABLE IX. Fit results for several observables probing doubly
Cabibbo-suppressed amplitudes. The corresponding plots are
shown in Fig. 9.

Observable +lo +20 +30
R(D°) 0.09°0% 0.091097 0.097902
R(D;J*r ) . 0.1 1jg;§0’j§0 N 0.1 1j§;§% N 0.1 1fg;§g0 .
B(L{z; 0—> KLOK ) 0.0123%;5,01 0.0123%-%002 0.0125%?02
| A D =K | 0.05%4; 0.05%003 005243

APCS (D 5 KOK+ +0.02 +0.03 +0.04
ADoK | 0087 008109 0087004
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B(Di — KsK*) — B(DF — K, K*)
B(D] - KsK™) + B(Di — K K*)

R(DY) (50)

and predict the not yet measured observables R(D;) and
B(D} — K;K"); see Table IX and Fig. 9. Again compar-
ing our result with the prediction in Ref. [55] we find much
larger uncertainties. Thus also in Df — Kg; K" future
data will test the accuracy of QCD factorization assumed
in Ref. [55].

V. CONCLUSION

We have studied the decay amplitudes of D mesons into
two pseudoscalar mesons with the topological-amplitude
approach. To this end we have incorporated linear SU(3)
breaking into the method and have shown that the topo-
logical amplitude method can be mapped onto the standard
decomposition of the decay amplitudes in terms of reduced
amplitudes characterized by SU(3), representations.
Unlike plain SU(3), analyses the topological-amplitude
method permits the use of a 1/N, expansion to calculate
the factorizable tree and annihilation amplitudes in terms of
form factors and decay constants, up to corrections of order
1/N?. This additional theoretical input has led us to a new
sum rule between the branching fractions of D — K¢K™*,
D} — Kgn*, and D* — K*7°. This sum rule correlates
the nonfactorizable 1/N? terms with the penguin amplitude
Pyrear- The latter quantity is of prime interest to understand
the dynamics of flavor-changing neutral current transitions
in the charm sector, because Py, 1S suppressed by the
GIM mechanism and vanishes in the limit m, = m,.

We have then performed a global fit using all available
branching ratios and the experimental information on the
strong phase difference Og+,-. In our analysis we have
included the information on correlations between exper-
imental errors. It is possible to find a perfect fit, with a large
parameter region satisfying y> = 0. This means that current
data comply with (i) the Grossman-Robinson sum rules
[29], (ii) our chosen upper bound of 50% on SU(3),
breaking, and (iii) our assumption that the 1/N? corrections
to the factorizable amplitudes are smaller than 15% of the
factorized tree amplitude. The main phenomenological
results of our paper are various likelihood ratio tests
addressing the sizes of the topological amplitudes and
their SU(3), breaking (Table VIII and Figs. 3-0).
Importantly, we find that there is no evidence for an
enhanced broken penguin. The hypothesis Py =0
is rejected at below 1o only, i.e., insignificantly.
Improvements of B(D" — KgK*), B(Df — Kgn™),
B(D* — K*z°), and especially the form factor
F{)(”(m%(:)) could advance our knowledge of the GIM

mechanism in charm by pinning down the proportions
of broken penguin and 1/N? corrections. The current status
is summarized in Fig. 6(c). While the SCS branching ratios
B(D" — KgK") and B(DJ — Kg¢n™) are known at a
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precision of <6%, the relative uncertainty of the DCS
branching ratio B(D" — K™z%) is about ~14% and
leaves room for improvement. As the latter is the only
charm decay into kaons and pions which depends on
factorizable contributions only, it is very important to
improve its measurement. With a simultaneously improved
F{f”(mz()) the branching ratio B(D* — K*z°) serves as

K

a test of factorization in charm decays.

We observe a slightly larger SU(3), breaking in color-
suppressed tree than in exchange diagrams. In no channel
more than ~30% SU(3) breaking is needed to describe the
data [not considering D° — KK, which is forbidden in
the SU(3), limit]; this finding agrees with the plain
SU(3), analysis of Ref. [23]. However, as a matter of
principle one cannot decide whether the actual SU(3)p
breaking is larger than this. This can potentially only be
achieved by future QCD calculations on the lattice [58].
In the data, there is no indication of this to be the case.

With our topological-amplitude fit it is further possible to
make predictions for branching fractions which can be
probed by future measurements. Despite our conservative
ranges for the SU(3), breaking parameters, we find a
correlation between B(D° — K;2°) and B(D° — K¢a°)

TABLE X.

PHYSICAL REVIEW D 92, 014004 (2015)

probing the doubly Cabibbo-suppressed contributions to
these modes: Fig. 8 entails the prediction B(D° — K, 7°) <
B(D° - K¢2") at more than 4o.
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APPENDIX A: INPUT DATA

We give the input data used in the fits, including the
correlation coefficients, in Tables X—XIV. For details on
the input values for the form factors see Appendixes C 1
and C 2.

Input data for charm meson branching ratios and the strong phase difference dx, used in our fit. Note that as we incorporate

the correlations reported in Ref. [46], for consistency we do not take into account the experimental updates of the following branching
fractions: B(D® — K~x*) [61] and B(D* — Kgxt) [61]. For the correlation coefficients see Tables XI, XII, and XIII. Note that
B(D} — K*z°) and B(D} — Kgz') are not part of the PDG fit; i.e., there are no correlation coefficients given for these decay modes.
We therefore have no correlation matrix for D7 decays. The value for B(D° — K*z~)/B(D° — K~ z*) is taken from the Heavy Flavor
Averaging Group (HFAG) in order to take its correlation with dg, into account; see Table XIII.

Observable Measurement References
SCS branching ratios
B(D® - KTK™) (3.96 £ 0.08) x 1073 [46]
B(D° = ztz™) (1.402 £ 0.026) x 1073 [46]
B(D® - K4Kj) (0.17 £ 0.04) x 1073 [46]
B(D® - 7°2%) (0.820 + 0.035) x 1073 [46]
B(D* - 2°%7") (1.19 £ 0.06) x 1073 [46]
B(D" - K¢K™) 2.83 £0.16) x 1073 [46]
B(D} — Kgn")/B(Df - KsK™) 8.12 4+ 0.28) x 102 [46]
B(Df - K% /B(Df - KK (42 +£1.4)x 1072 [46]
CF branching ratios
B(D® - K~zt) (3.88 +0.05) x 1072 [46]
B(D° - Kgn°) 1.19 £0.04) x 1072 [46]
B(D® - K, 2% 1.00 4+ 0.07) x 1072 [46]
B(D" — Kgrt) 1.47 £0.07) x 1072 [46]
B(Dt — K zt) 1.46 £0.05) x 1072 [46]
B(Dy — KsK™) (1.50 +0.05) x 102 1147,48]
DCS branching ratios
B(D® - K*77)/B(D° - K~n™") 0.00349 £ 0.00004 [62]
B(D" - K*a°) (1.83 £0.26) x 107* [46]
KTz~ strong phase difference
Sk, (6.45 £ 10.65)° °[62]

zOur average.
Our symmetrization of uncertainties.
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TABLE XI. Correlation coefficients for D branching ratios
[46] used in our fit. We abbreviate B‘f = B(i - f). Note that
B(D® - K;2°) is not part of the PDG fit and is used without
correlations to the other modes.

BEK Bt BR By BT AT
ng’(_ 1.00 0.38 0.03 0.09 0.60 0.21
Bg{)”* 0.38 1.00 0.03 0.09 0.62 0.22
ngKS 0.03 0.03 1.00 0.01 0.05 0.03
Bgooﬂo 0.09 0.09 0.01 1.00 0.14 0.05
Bg;’ﬁ 0.60 0.62 0.05 0.14 1.00 0.35
Blggﬂ” 0.21 0.22 0.03 0.05 0.35 1.00
TABLE XII. Correlation coefficients for D' branching ratios

[46] used in our fit; see the caption of Table XI for the notation
used. Note that B(D* — K, z*) and B(D™ — z%z*) are not part
of the PDG fit and are used without correlations to the other
modes.

Bll;ilfr B[];izﬁ Bg;no
BKSW 1.00 0.75 0.05
D+
BKS”+ 0.75 1.00 0.06
D+
Bgiﬂo 0.05 0.06 1.00
TABLE XIII. Correlation between B(D° - K*z~)/B(D° —
K~ ") and &g, [62] used in our fit.
5 B(D" K" x~)
Kx B(D"=K-n")
Sk 1.000 0.404
B(D°—K*7") 0.404 1.000
B(D°—=K-zt)

TABLE XIV. Numerical input for the form factors. The form
factor F, OD"‘K(O) is varied flatly within the theory uncertainty [63].
Table adapted from [64].

FPX(0) 0.737 + 0.005 65-69]
FP7(0) 0.638 + 0.012 65-68]
FP(0) (14 5%) x FP7(0) [70,71]

*Our average.

APPENDIX B: MAPPING OF THE
TOPOLOGICAL ON THE SU(3),
PARAMETRIZATION

As discussed in Sec. IIC the topological flavor-flow
parametrization and the linear SU(3), expansion can be
mapped onto each other after the removal of redundancies
in each parametrization. In Tables XV and X VI we give two

PHYSICAL REVIEW D 92, 014004 (2015)

TABLE XV. Fit example point I and corresponding point in the
SU(3) decomposition with linear SU(3) breaking. The values
quoted for A~§- and 1§’, in the last column are normalized to the
largest SU(3) - limit matrix element. The fit is only sensitive to 57
and &, in the combination (8 — &,)/T™ = 0.29¢730%/,

Topological parameter Value SU(3), matrix element Value

|641/ T 0.14 |A% 0.32

|671/T"¢ 0.15 AL 0.22

arg(8,/T™) 0.17 IAS| 1.00

arg(57/T") —3.06 B} 0.67

[F"(mp,)] 3.54 B} 0.22

FBK(0) 0.74 |1§21 | 0.36

Fg*(0) 0.64 B 0.39

Fo* (0)/F§*(0) 0.95 181 0.29

arg (Fy" (m, ) —1.74 1BY3] 0.18

|C/T™| 1.10 1B7] 0.07

|E/ T 0.46 B2 0.13

|Porear/ T™| 0.05 arg(A}3) 1.44

arg(C) 2.47 arg(AL) ~2.53
arg(Cﬁ”) —1.50 arg(A9) 0.20

arg(C3) —1.40 arg(B}) —~0.53
arg(C\)) 0.00 arg(B3) -0.96
arg(E) 1.49 arg(BY) —2.11
arg(Egl)) —0.65 arg(BéS‘) -1.35
arg(E}) —0.93 arg(BL™) ~2.30
arg(E;l)) -1.16 arg(Bég‘) 2.56

arg(Ppreax) 0.18 arg(BL3?) 3.10

|C§l>/é\ 0.07 arg(B%‘;‘ ) 0.00

1V /€| 0.16

1€ 0.19

|, /E] 0.50

\E&/E| 0.50

\EV)/E| 0.05

5y 0.50

8¢ 0.50

5E 0.31

8y s 0.07

Ve 0.27

numerical examples for the mapping. Both redundant
parameters and redundant decay amplitudes have to be
removed in order to obtain two corresponding 11 x 11
regular coefficient matrices. Then, the mapping can be
calculated by inverting one or the other coefficient matrix.
We choose to omit the redundant amplitudes

D% > %%  D°— K-zt

DY - Ktrn, (Bl)

DY - K970, DT - Koz, Dt - K*x°% (B2)
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using the sum rules presented in Appendix D. We next g v
calculate the redefined SU(3) matrix elements in terms of S 9 g CACHG 5‘% ‘@%w \i
the remaining decay amplitudes by inverting the SU(3) g 1 Sl IR R z gl °
coefficient matrix given in Tables I and V of Ref. [23]. The & +a a0
result for this inverse matrix is given in Table X VIL. In order E’“ ]
to illustrate how to read Table XVII, we exemplify -g, L ‘% 2 5

o =] ~ '\ﬁ l\% OIS

—_— '54 \n‘g “@

o) o NéY¥ o o = © o o

242 - 2 2 S =
A5=22 4pr o kon)+ s —xokh). 83 £ |1 S

3 3 o v %
< Q
G
_ =] + .
Inserting the expansions of A(D* — K%") and £ X . g B .\‘% & |95 HE |
A(D} — K°K™) in terms of topological amplitudes into 3 || §|m“|§@ i I S S Az o
° NS | | ;8 S B <+ & <
= + I & o | I
TABLE XVI. Fit example point II and corresponding point in § _Q @
the SU(3); decomposition with linear SU(3), breaking. Com- - e
pare with Table XV for the notation. The fit is only sensitive to 6, = = E‘g N m|,:
and §, in the combination (5 — 8,)/T™ = 0.30¢~"8%1, g [[5le e Lo o ~ 2o o o
A ( T A)/ i T x gr ? %
Topological parameter Value SU(3), matrix element Value E A b

N - Q
|64]/ T 0.15 |Aé§ 0.35 E S B e
67|/ T 0.15 1AL 100 E % s 22 |22 [ \ﬁ 22 | 2jer

~z o oo N2 -
arg (8, /TH) 1.27 A8 0.19 S 1 el g ? I
arg(87/T™ -1.88 B3| 036 3 I - S
n ~ =1
F§=(m3,,)| 4.50 B3 0.10 z |l . i
oK 36 ? o |8 MR s T8 | e
FEX(0 0.74 8 015 & ) e g g 7B LB & 142
F§7(0) 0.64 |Bé5‘| 0.49 E T+ e |° [ S - B = 3 QoA
FeRO)/F0) 095 1B;*| 006 & | - g
arg(Fg " (mb, ) ~1.50 B3| 017 5 | )
€/ 117 By 021 3 | = 5 1B |~ LB
ad 5. < ! A pn 0 @
|E/Tfe| - 2.05 |B§Z711| 0.06 = NE m|ég|~ o = 5= ° ©°
Prves/ T 0.39 arg(AL) 094 5 | S § g 5
arg(C) 2.23 arg(AL) -0.60 &= _ ~
} - .
arg(cgl)) —1.06 arg(Ag) 1.47 % +l§ OI_ . ﬂ'§ |—‘ w|;

1 3 3 SR E R R R R R
arg(C(zl)) 1.48 arg(Bi) 2.15 Z, ? s oo 2 L.M q‘(\, = R l%
arg(qg )) 0.22 arg(B?) 0.55 g . L2l g % ® (Sf'l.’ 5
arg(E) 2.57 arg(Bgl ) -2.04 g Q |
arg(Egl)) 0.23 arg(BéSl ) -2.00 § ; OM i I\%
arg(E3") 1.72 arg(By”) -125 2| X e HGE

) 0.75 s, 284 T o o o o 3 ) o o ©
arg(Ey") : arg(By;') e S 8 OT 09 g =
arg(Pbreak) 1.97 arg(Bgz) —-1.53 /H-i:; Q °|o

= 24 <
[eyte 0.22 arg(By') 023 2E| lE |
/¢ 0.12 S|l 1 e g7 g T s° <<

3 - N N
£ 0.06 282 oo
|E(3])/b:| 0.31 20 _?_4 o el HE .\‘g ~2 o
/,topo &= g M (e} m‘ o §|N N o ~en Z (e o o
5 0.50 g
¢ = ' 2l gl 8 ¢ §
/) E 2 = R |
5 0.16 <=
/., Poreak 0.50 E = 1
j)z( 0.12 % :3 E 28 Lo 0w o~ o 15w I-'—‘;oc '-'Soo f'& uj‘g ?\IFR
ESI=2l< < S R ™ Aa
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Eq. (B3) gives the desired expression of the SU(3) matrix
element Al in terms of the topological amplitudes.
Note that in the matching we implicitly disregard higher
order SU(3)p-breaking effects which are included in
the approximate factorization formulas. Strictly speaking,
these invalidate the linear SU(3), sum rules; see also
Sec. III A. However, this can be safely neglected as we
only aim at a description of the data at linear SU(3)p
breaking here.

While the exemplified topological-amplitude fit points
respect the SU(3), power counting, the SU(3) breaking
matrix elements can nevertheless be quite large, like
|B}| ~0.7 in Table XV in case of example point I. This
shows that several small SU(3) - breaking parameters of the
topological-amplitude fit can add up to a larger SU(3),
breaking matrix element of the group-theoretical approach.
However, as demonstrated by the example point II in
Table XVI, there are also solutions where both
diagrammatic and group theoretic languages give
SU(3) breaking <50%.

APPENDIX C: APPROXIMATE
FACTORIZATION FORMULAS

Below, we give the 1/N_ -leading expressions for the
tree and annihilation diagrams. Corrections of higher order
in the 1/N, expansion are parametrized by §; and &,
introduced in Sec. IIT A.

1. Factorization of tree amplitudes

We use the following expressions for the 1/N_-leading
contributions to the tree diagrams. SU(3) breaking in the
1/N? corrections is of higher order in our power counting
and neglected; i.e. we use a flavor-universal correction
parameter J7. In our fit we vary

0 < |67 <0.15T",

—n < arg(dr) <,

with 7™ defined in Eq. (24) and &; = T — T™¢; see
Eq. (23). The 1/N_-leading, factorizable contributions to
the SCS tree amplitudes are altogether given as

G
TH k= 5 @fxlmp = mi FE¥(mi).  (C3)
fac _ Gr 2 2\ D (4,2
TDO—m:*rr‘ = _%a]fﬂ(mD - mn’)FO (mﬂ)’ (C4)
fac Gr 1 2 2\ D (1,2
TD+_,”+]T0 = alfrr(mD - mﬂ')FO (mﬂ>’ <C5)

V2V2
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G
fac _ F 2 2 DK 2
TD+_,K+,-(0 = Ealfk(mp - mK)FO (mK)’ (Co)
fac _GF 2 02 FDsK 2 C7
DfsatK® Ealfﬂ(mDs my) 0 (mz).  (C7)

The 1/N_ -leading, factorizable contributions to the CF
tree amplitudes are given as

_Gr

TfDag_)K—,ﬁ - \/ialfﬂ<m%) - m%()F(I))K(m/%)’ (Cg)
Tfac ~ :&a f (mz _m2 )FDK(mZ) (C9)
Dt=KOz+ \/E 1J z\""*D K% 0 )

The 1/N,-leading, factorizable contributions to the DCS
tree amplitudes are given as

_6r

TR kg = 5 O k(mh = m)FG=(mi). (C10)

Tfac _ GF 1 2 2 FDn' 2 Cll

Dt—K+ta0 — %%alfK(mD - m,,) 0 (mK> ( )
G

T8 o = kb, = mi) Fy™ (m). (C12)

The matrix element of the vector current can be para-
metrized by the vector and scalar form factors as [71]

2 2
—my

; m
(P|V¥ID) = FR=P(g?) | plp + P — —qu q"
(C13)

with the vector form factor F2~7 and the scalar form factor
F{~K obeying [71]

m% — m>
(P|SID) = F§~"(q*) —P—F. (C14)
m.—m,

Here the same renormalization scheme and scale must be
used for § and m. —m,,.

We calculate the form factors that appear in the tree
amplitudes using the overall scaling factor appearing in the
z-parametrization, i.e., a pole factor [71,72]

B
1- m%/m%:0(2317)i’

Fg*(m})

(C15)

Fo*'(0)
1- m%/m%a (2400)*°

Fo*(m3) = (C16)
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FETmp) == m;i’;,)(?()mooﬁ - )

with the scalar resonances [46]
ij;O(2317)i = (2317.8 £0.6) MeV,  (C18)
mDS(24OO)jE = (2403 +40) MeV. (C19)

The used input values for F2X(0), F5**(0), and FP7(0) are
given in Table XIV.

As we assume isospin symmetry in the topological-
amplitude decomposition, we ignore the smallish isospin
breaking between charged and neutral masses of kaons
and pions for consistency. We use the neutral masses in
all amplitudes. However, in the phase space factors of
the branching ratios we take the isospin mass splittings
into account.

2. Factorization of annihilation amplitudes
We use the following expressions for the 1/N -leading
contributions to the annihilation diagrams. As in the case of
tree amplitudes we vary §, of Eq. (25) as

0 < |8, <0.15T", (C20)

—n <arg(8y) < 7. (C21)

The 1/N,.-leading, factorizable contributions [33] to the
SCS annihilation amplitudes are given as

Al e =0, (C22)
At o =S Frm, )mk = ). (C23)
Ds —K'n \/Z s s
ave = O ER (k- m2). (C24)
Dy —=K'n \/E\/Q s s
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The 1/N,-leading, factorizable contribution to the CF
annihilation amplitude is given as

fac
AD;—J(OK*

=0. (C25)

The 1/N,-leading, factorizable contributions to the DCS
annihilation amplitudes are given as

G
fac _JF b4 2 2 2
AD+_)K0”+ - \/ialfDF(I){ (mD>(mK - mﬂ)’ (C26)
ABS o =~ L fo () (m — m2). (C27)
DT—K'r \/2\/2

Note that the 1/N_ -leading SCS annihilation amplitude
AfDai _ g+ and the 1 /N -leading CF annihilation amplitude
Afgl‘i_) zox+ can be neglected due to isospin symmetry [73].
However, the corresponding 1/N? corrections are of course
taken into account (as for the others) and specified in
Table VI

Constraints on |F’ (’)(”(m%)(l‘))| can be taken from 7 decays.
In order to accommodate the measurements of 7 — K¢z~ v,
from Belle [49] we vary the form factor in the interval

LS |F§™(mp, )| 4.5, (C28)
—x Sarg (FK*(m}, ) <. (C29)

setting
F§*(mp,) = F§™(mp). (C30)

APPENDIX D: DIAGRAMMATIC
REPRESENTATION OF SUM RULES

In Tables XVIII-XXIII we give the diagrammatic
representation of the six Grossman-Robinson SU(3)p
sum rules which hold to linear order in SU(3)p
breaking [29].

TABLE XVIII. Diagrammatic representation of sum rule T, \/%A(D0 - at77) + AD® - 2°72°) — A(D* - 2%2T) = 0.

Decay amplitude

E P break

+HAD — ')

T
o oﬁ
V2
+A(D° - 2°7°) 0 )
.
—A(D* = 2%7) )
+-1 % +5%
V2

I

1
+LX M _LX m
V2 V2

0 0
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TABLE XIX. Diagrammatic representation of sum rule II, \/%.A(Do - K 7t) + A(D® - K°2°) — \/L-.A(D+ - K%)= 0.

Decay amplitude T Tg 1)

\/%A(DO - K- zh)

1
cl
0 0 y
A(D® - K%z° 0 0 -1 -1
+A(D° - K°7°) %x %x ﬁxﬁeﬁﬁx(ﬁ:@

S

~LADT - Kon)

5
X
|
s
X
S

TABLE XX. Diagrammatic representation of sum rule III, A(D° — K*77) +v2A(D" —» K°2°) — A(D* — K°z")—
V2A(DT = K*z%) = 0.

Decay amplitude T Tél) A AW C C

A(D® - K*7™) lxﬁ 1x ﬁ 0 0 0 0 Ix =¢ 1x o= 8
V2A(D® — K°z°) 0 0 0 0 1x r@; 1x r@ —Ix =g —lx oG
—A(D* > K°z") 0 0 _1x M _1x M —1x r@; r@

—V2A(D* - K*2°) _1xoﬁ ‘“Oﬁ el M : O

TABLE XXI. Diagrammatic representation of sum rule IV, A(D°— K K*)-A(D° - nt7n") - AD° - K~ 7") -
AD? - K*z7) =0.

Decay amplitude T<21 E<l Prreak

AD® = K*K) ﬁ ﬁ ﬁ DQ,? «CE(G 1 D(cj [ O
-AD" - . 0 0 71Xm
-A(D° - K= 7t) L E;; L 5;; 0 _1X(E:@ *1X(D@ 0 0
-A(D° - K*z7) . ﬁ; 0 L ﬁ; ,MD@ 0 —1x o::ﬁ 0

014004-23



YZ-¥00¥10

TABLE XXII. Diagrammatic representation of
A(Dy - K°K*) = 0.

sum rule V, —-A(DT - K°KT)+ AD} - K°zt) + A(D* - K'z") — A(D} —» K°KT) — A(D* - K°zh)+

Decay amplitude T T(l 1) Té 1)

7y

A A Al Al ¢ S S & S

~A(D* = K°K") —1><0ﬁ —1x g -9
ADF>K'7%) (Eﬁ 0
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- A(D} - K°K™) 0
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X
OOOD’&

0

lxﬂ 0 0

1><0>-< 0 0 1><O>< 0 0 0 —1x[ %%
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TABLE  XXIII Diagrammatic  representation ~ of sum rule VI,  +v2A(D* - 2%2%) — A(D* — K°K*) — V2A(D] —» K*2°) + A(D* - K'z") -
A(D} - K°K*) +V2ADY - Kt2°) = 0.
1 1 1 1 1 1 1 1 1

Decay amplitude T T(l ) Tg) A A(l ) A(2 ) Ag ) C C(1 ) Cg ) C; ) Phreak
V2A(DT - 2°") _lx(Eﬁ 0 0 0 0 0 0 ~1x4 0 0 0 0
—A(D* = K°K") —lx(ﬁ —1Xﬁ3 _1X(Eﬁ 1X0><§ 0 0 1XM 0 0 0 0 —1Ix[ e
—V2A(D} - K+2°) 0 0 0 IXP<C IxPC X 0 x4 0 0 1xprZ  1x[%9
A(D+ —)]_(071'+) 1X0ﬁ 1Xﬁ 0 0 0 0 0 1><0:§ 1x(]:% 0 0 0
—A(D{ - K°K™) 0 0 0 flxM flxM 0 —1><(><€ x4 —ixpr<4 0 —ixr4 0

0 0 0 0 0

+\ﬁA(D+ - K*7%) 1><O:ﬁ 0 1><Oﬁ

flxM 0 —1><M 0
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