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ABSTRACT: We derive Standard Model predictions for the CP asymmetries of singly-Cabibbo
suppressed D — Pn’ decays, where P = K, w,n. Our predictions are based on the approximate
SU(3)r symmetry of QCD and include first-order symmetry-breaking effects in a systematic
way. The underlying symmetry leads to correlations between different decay modes. To this
end we predict the correlations between adlh (DT — 7t9/) and ol (D} — K*n/) as well
as adit(D° — 7%') and a5 (D° — nn'). Our results can be used to probe the Standard
Model with future measurements by LHCDb, Belle II and BESIII. At the same time, such
future measurements permit the extraction of the key theory parameter related to the ratio
of color-suppressed to color-favoured contributions to the decay amplitudes. Future data
on both branching ratios and CP asymmetries will automatically improve our predictions
and thereby also their sensitivity to physics beyond the Standard Model.
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1 Introduction

Charm CP violation is a very active field, with many on-going searches [1-8] that follow the
discovery of charm CP violation [9] and the subsequent measurement of unexpectedly large
CP violation in the D® — 777~ decay channel [10]. Recent measurements also include decays
to final states with n) [11-15] and are thus related to the subject of this paper. Future
prospects for such decays have been investigated as well [16-18].

CP asymmetries are of particular theoretical importance as they permit the extraction and
interpretation of the ratio of CKM-subleading (penguin) contributions over CKM-leading (tree)
ones, see refs. [19-33] for recent studies. Interpretations in terms of new physics parameters
have also been discussed [34-37]. A very useful tool in this context are sum rules between
different channels [38-45] which are based on SU(3)p symmetry and its subgroups. The latter
also allows global fits of the group theoretical and topological parametrizations [41, 46-51].
A direct calculation of the penguin over tree ratio from first principles may one day be
possible using Lattice QCD [52, 53].

We analyzed the branching ratios of D — Pr/, where P = K, 7,7, using SU (3) p symmetry
including linear SU(3)p-breaking corrections in our previous work [54]. In this work, we
extend this analysis and focus on predictions for CP asymmetries in decays with 7’ final
states. Since 71 is a flavour singlet in the limit of exact SU(3)p symmetry, the symmetry
structure of the decay amplitudes is particularly simple and implies relations (sum rules)
between different CP asymmetries, which can be tested to discover or constrain new physics.
Clearly, robust predictions for these sum rules need reliable constraints on the corrections
from SU(3) g breaking, which we explore in this paper. The presence of 7-n’ mixing poses a
challenge, because the largely different 1 and 7’ masses obscure connections of D decay matrix
elements with 7 to those with 7. The formalism for the treatment of D decays to n") final
states has been laid out in our previous work [54]. As described in detail in ref. [54], in our



approach we aim to use only the SU(3)p expansion with, as much as possible, no additional
theory input beyond that, leading to a complete decoupling of the D — Pn’ system from
D — Pnand D — PP. In this way, our approach differs from previous studies [39, 55, 56].

The CP asymmetries of D — Pn’ are, with the exception of one measurement, basically un-
charted territory and open a lot of opportunities for future measurements that can be compared
to our predictions. Our results can be used in order to extract the ratio of CKM-subleading
over CKM-leading amplitude ratios from future data and probe the consistency of the data.

In section 2 we introduce our notation. In section 3 we present our results for the
topological decomposition of the CKM-subleading amplitudes. In particular we show how to
account for the linear dependences of the unknown hadronic parameters through redefinitions
which combine several parameters into a single one. In section 4, we present our predictions
for the CP asymmetries, which can be used in the future to probe the SM and learn more
about the quality of the 1/N, expansion in QCD, where N, = 3 denotes the number of
colours. We conclude in section 5. In the appendix, we give the full parametrization of the
CKM-subleading amplitudes without redefinitions.

2 Notation

We use the notation introduced in ref. [54] and recall here only some key elements. The
underlying quark-level transitions of singly Cabibbo-suppressed (SCS) charm decays are
¢ — ddu and ¢ — s5u. We write the amplitude of SCS decays as

A
AS(d) = MaAsa(d) = T Ay(d) (2.1)
with
As — A
Aea = S5 (2.2)
A Ast+ Ag

and the combinations of elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix

A = VC*;qu . (2.4)
Consequently, we write the CKM factors that appear in ¢ — s5u and ¢ — ddu transitions as
A
As = A — 5*’ (2.5)
A
Ad = —Asd — 3*’ (2.6)

respectively. The Cabibbo suppression of A\, versus Agg makes the Ay(d) contribution to the
branching ratios negligible, i.e., we have to a very good approximation

B(d) - P(d) |/\sd-’43d(d)’2 ) (27>
where the phase space function is given as [50, 57]
D
P(d) = 167Tm?b (m2D - (mP1 - mP2)2) (m%) - (mP1 + sz)Q) : (2'8)



Eq. (2.1) makes clear that in SCS charm decays, CP violation emerges from the interference of
CKM-leading with the CKM-subleading amplitudes. The direct CP asymmetries are defined as

sl -[a \
adls(d) = o (2.9)
|ASCS (d) | + ‘ A
and, neglecting subleading powers of \,/Asq ~ 1073, given as [46, 58, 59]
A Ap(d)
dir b b
acp(d) = Im—Im 2.10

which depends on the relative strong phase between the CKM-leading and -subleading
amplitude. For the |ng) and |ny) states we use the definitions

) + |dd) — 2|s5)
|ns) ~ 7 , (2.11)
|u) + d8> + |s3)
[n0) ~ 7 : (2.12)
respectively. Furthermore, we write the hadronic matrix elements as
(Pn| H|D) = cos8 (Pns| H|D) —sinf (Pno| H | D) (2.13)
(Pr/| H|D) = sin @ (Png| H|D)' + cos 6 (Pno| H |D)" , (2.14)

with a mixing angle that respects the SU(3) 7 power counting § = O(g), where € ~ 30% is the
parameter of SU(3)r breaking. The mixing angle 6 will subsequently always appear together
with SU(3)p-breaking matrix elements into which it can be absorbed. As laid out in detail
in ref. [54], the large mass splitting m, # m,y leads to the inequalities

(Pus| H|D)' # (Png| H|D) (2.15)
(Pro| H |D)" # (Pno| H |D) . (2.16)

The difference between these matrix elements is an O(1) effect that goes beyond the SU(3)r
power counting, i.e., the L.h.s. and r.h.s. will not become equal in the limit € — 0. This leads
to a decoupling of the D — Pn’ system from D — Pn and D — PP, as long as no further
assumptions on the dependences of the matrix elements on m, ) are adopted.

Potential new-physics contributions could change the relations between the decay am-
plitudes that hold in the SM. The SM CP asymmetries stem from the interference of the
tiny second term o< \pAp with the dominant tree-level amplitude o< A\ggAgq. A new-physics
contribution may numerically compete with the Ap.A, term and is indistinguishable from the
SM contribution as long as one only considers a single CP asymmetry. SU(3)r symmetry,
however, correlates the topological amplitudes of the different decays with each other. For
example, Ap(d) involves the piece of the effective SM decay Hamiltonian which is a singlet
of the U-spin subgroup of SU(3)r. A new-physics contribution with a U-spin non-singlet
interaction (and a CP phase different from arg(+\q)) will violate the amplitude relations



which give rise to the SM predictions presented in this paper (see ref. [45] for a study
without 7’ final states). Omne can see this in an easy way from acp(D" — KTK~) and
acp(D° — 7t77), where a potentially enhanced SM contribution always contributes with
opposite signs to these CP asymmetries, while AU = 1 new physics contributes with the
same sign, see refs. [29, 36, 45, 49].

3 Topological decomposition of CKM-subleading amplitudes

3.1 Decomposition

The topological decomposition of the CKM-leading amplitudes Aq(d) is given in ref. [54],
parametrized by topological tree (T), colour-suppressed (C), annihilation (A), and exchange
(E) topologies. Here, we derive the corresponding CKM-subleading amplitudes Aj(d), which,
through interference with the leading amplitudes lead to CP violation. We show our result for
the complete decomposition of A;(d) in terms of topological amplitudes 7; and the SU(3)p-
breaking topologies 7;(1) in tables 3, 4 and 5 in appendix A. We note that the subleading
amplitude Ay consists of a combination of topologies already present in A44(d) and defined
in ref. [54] and additional topologies that only contribute to Ajp(d) that we define in figure 4.
We label the topologies depending on whether the 7 singlet is formed by the outgoing quark
or antiquark by 18 and 81, respectively. In addition, the 11 and 88 subscript indicate the
contribution from the suppressed singlet state of the n and the suppressed octet state of the
n', respectively. Notably, additional topologies that appear are penguin (P) and penguin
annihilation (PA) diagrams, for which we use the notation [41]

P=P;+ P, —2P,, (3.1)

PA=PA;+ PA; —2PAy, (3.2)

where the respective subscript indicates the flavour of the quark running in the loop. Anal-

ogous definitions apply to Péé) , 1(11 ) and Py. Here, Py are the hairpin penguin diagrams,

i.e., penguin diagrams with a disconnected part, which do not appear in the D — PP system.

Hairpin diagrams have been discussed in the literature for a long time, see e.g. ref. [60] for a

discussion in the context of the OZI rule in ¢ decays and refs. [61, 62] for the role of hairpin

diagrams in the context of non-leptonic B decays. Like penguin diagrams, such diagrams
also contribute to the branching ratios, but only in the combination

P vreak = Prs — Pra, (3.3)

where the index denotes the quark that runs in the loop. The broken hairpin penguin
diagrams contributing to the CKM-leading amplitudes

Aud(D® = ) > P (3.4)
AudD” = 1) > = PAB (3.5)
Aga(D* = 7H) S jgp;,{greak, (3.6)
Aud(DE = K1) D Pl (3.7)



can be absorbed into Pl(é)break and Péll)break, as done implicitly in ref. [54]. In the following,

we make the dependence on the broken hairpin penguin explicit.

For the direct CP asymmetries the crucial aspect is the interference between Aj(d) and
Asq(d). Therefore, it is convenient to write Ap(d) in terms of A,q(d), plus a remainder
that we call AAy(d) [41]

Ap(d) = ¢y Asa(d) + AAy(d) (3.8)
= Agq(d) + Z AT, (3.9)

where cgd are coefficients that depend on the decay d that can be inferred from tables 3, 4
and 5 in appendix A. Due to linear dependences of the parameters in AA,, we can reduce
the number of parameters therein by applying redefinitions. For consistency, we apply the
same redefinitions as given in egs. (3.4), (3.5), and (3.9)—(3.15) in ref. [54]. For completeness,
we quote the redefinitions relevant for the parameters that enter AA,(d),

Cs1 = Cs1 + Ers + Eg1 + 3By, (3.10)

ol =cly - BY, (3.11)
1 1 1 1 1

C£8?1 = Cfsh + 058?2 + P 1(8,)break + P, 8(1)break + 3P I({,{)reak . (3.12)

As mentioned above, we now show the broken hairpin penguin PI({1 Lrea

. explicitly.

The additional diagrams appearing in the CKM-subleading amplitudes make additional
redefinitions necessary. Preserving the power-counting by not mixing SU (3) r limit parameters
with SU(3) p-breaking ones, we use additional redefinitions. For the SU(3) limit parameter,

we redefine

— Pig + P + 3P,
Cis = Cis + — 21 L (3.13)

which reabsorbs all the penguin parameters into C1g. This also makes it impossible to
distinguish between penguins and colour-suppressed topologies.
For the SU(3)p-breaking parameters, we redefine

1 1 1 1
n P1(8,)2 + PS(I,)I + PS(I,)Q + ?’PI({,)l

2
3 1 1
- 4 (P1(8)break + P8(1)break + SPI({ ’)break) ’ (3'14>
S0 _ o) | g @ Pfl) +3P3), +3PAY) +opAl),
Ciy =01 +3E} 1 + 5 ’
V2 1 1 1 1 1
= Y7 (PARL + PAR, + PAG + PAY, + 3PAY),)
3 1 1 1 3 ) . 3.0
WG (Pl(&)break + Pégl,)break + BPJEI,%Jreak) + §PA5(;8) + ips(s) ; (3.15)
(1)
—=(1) P, 1 1 1 1
E88 = ES(SB) - 828 + Qﬂ (Pl(&)break + P8(17)break + 3‘PI(-I,{)reak) . (316)



Decay ampl. Ay(d) | Asq | C1s Cs1 C’f?l 6%)73 C’éé) 6511) E&)
DO — 70/ 1 2 /3] o0 0 0 0 %
D° — I i U - B
Dt = 7ty 1 Z 0 | 20 —2/2 0 -2
Df — K*nf 1| % 0 0 % \/g 0 2

Table 1. Coefficients of the topological decomposition of the CKM-subleading amplitudes 4;(d) in
eq. (3.9).

The result of all redefinitions for the coefficients cffd and ¢! given in eq. (3.9) is shown
in table 1. Further redefinitions could still be made between SU(3)p-breaking parameters,

which would imply absorbing 6%)1 and C’éé)

into new parameters. We chose, however, to
keep their explicit dependence on the parametrisation as these parameters have additional
constraints from the leading A4 amplitude fit, in ref. [54]. We note that all redefined SU(3) ¢
limit topologies also include hairpin diagrams. We do not impose additional theoretical
constraints on these diagrams, like for example OZI suppression [63—65]. Due to the linear
dependences it is not feasible to study the size of the hairpin diagrams separately from
the other diagrams without invoking further theoretical assumptions that would relate the

D — Pr/ system to D — Pn and D — PP decays.

3.2 CP asymmetry sum rules

From the redefined topological decomposition given in table 1 as well as the corresponding table
for the CKM-leading amplitudes in ref. [54], we can also read off the SU(3)r limit amplitudes

Agg%s)F-lim.(Do — 77077/) = Asd <\}GC’81> - % (\36018 - \}6681> ) (3.17)
ASSR,) i (D° = 1) = Asa (—éé@) - % (335018 - 3\1@(:*81> . (3.18)
A§8?3)F-hm.<D+ —7tn) = X (_\}gTB) - % (\%Cls + \}gfls) ) (3.19)
AST () ptim. (D5 = K1) = Asa (\%ﬁs) - % <5§018 + \}gﬂs) - (3.20)

Previously, when considering only the leading amplitude in ref. [54], we noticed a decoupling
of the neutral and charged modes as can be seen above. We note that in the SU(3)p limit,
the subleading terms depend on a new SU(3) g limit parameter C1g that connects the charged
and neutral modes. We discuss this parameter in more detail below.

From the amplitudes above, the SU(3)p-limit sum rules for the direct CP asymme-
tries follow

dir 0 0,/ _ dir 0 /

acp(D” — mn') SUE) pelim, — acp(D” — ') SU()plim. ’ (3.21)
dir + + 7 _ _ ,dir + +. ./
acp(DT = i) SU3)p-lim. ace(Dy = K) SU(3) p-lim. (3.22)




We can obtain a modified version of the sum rules, accounting for part of SU(3) p-breaking
effects in analogy to the sum rule given in ref. [36]. Concretely, starting from eq. (2.10),

we write
adls (Dt — 7ty) _ Im (Ay(DT — 7tn') /Asa(DT — 711)))) (3.23)
afp (DS = KF') - Im (Ay(DS — K+n)/ Aa(DS — K*op))
Using then the SU(3)p-limit expression for A; included in table 1, we find
ap(D* = wty) _ 1 (Cis/Asa(DT — 7)) (3.24)
alb (DS = K4) 1 (Crs/ Awa(DF — K+ip))
— ; ot
D+ —>K+ N Im Cl8ef7farg(-’45d(D —7mn'))

 [Awa(DF = 7 )| 1m (Crse-iore(Au(DI K +m)

We remark that while the phase arg(Asg) is unphysical, the relative phase between
C1s and A,q is physical. Assuming the SU(3)r limit for this phase difference, gives (see
table 1 in ref. [54])

Im (@186—2'arg(Asd(D+—>7f+77’)))

=-1. 3.26
Im (618€_i arg(-Asd(D;—%KjL??/)) ( )

Finally, we can express the |Ag4| amplitudes by the branching ratios by correcting for the
phase space using eq. (2.7), we then find

adiL (DT — 7ty) _ P(D*t — nty) |B(DS — K+n') (3.27)
alp (DS — K+ip) P(DS = K+n') || B(D* — may) - '
An equivalent derivation gives for the neutral modes:
adis (DO — nny') P(DO = ny') \ B(DY — 70n)

Specifically, the sum rules egs. (3.28) and (3.27) thus account for the SU(3)r breaking of the
magnitude of the CKM-leading amplitude |Agq| in eq. (2.10) and only apply the SU(3) p-limit
to A and to the relative strong phase between A, and Agq. Eqs. (3.21), (3.22) are readily
obtained from eqs. (3.28), (3.27), respectively, when taking the SU(3)p limit for As4.

4 Predictions for CP asymmetries

4.1 Numerical inputs and setup of the analysis

The general setup of our frequentist statistical analysis is described in detail in the context
of the branching ratio fit performed in ref. [54]. In particular, we use the same branching
ratio inputs as in ref. [57]. Note that for consistency with our previous work we therefore do
not include the recent additional measurement of B(Dt — K*#') from [66], which is fully
consistent with the world average. In addition to the eight branching ratio data measurements,



measurements of direct CP asymmetries are available for the two charged decay modes. The
HFLAV [67] averages are

(Dt = 70)

=(04+0.2)%, [13, 67-69] (4.1)

exp

= (6.0 +£18.9)%. [67, 68] (4.2)

exp

ads(Df — K1)

The measurement in eq. (4.2) has no constraining power due to its large uncertainty. Its
very large central value would artificially influence the global minimum of our fit while
only marginally constraining the involved parameters. Therefore, we do not include the
measurement eq. (4.2) in our fit. Note that we focus here on direct CP violation, while in the
experiment, time-integrated or time-dependent measurements are performed. In case of the
neutral DY decays, such effects have to be subtracted from the experimental results [51, 70, 71].

As in the branching ratio analysis of ref. [54], we impose constraints on the size of
SU (3) p-breaking in the subleading amplitudes of all SCS decays

D — Py
Apsugsy(D — P ), <, (4.3)
A su3)—tim(D — P1y')

where ¢ is the amount of SU(3)p-breaking allowed. Note that consequently, we impose this
constraint separately on both the CKM-leading and CKM-subleading part of the amplitudes.

We note that with future data it will be possible to test the assumption eq. (4.3) by
probing the size of SU(3)p breaking effects with more precision. The measurements of CP
asymmetries will also give information on possible cancellations in the SU(3)p-limit A,
amplitude, see eqs. (3.17)-(3.20). For example, if the contributions of C1g and Cg; interfere
destructively in the CP asymmetry of DY — 7%, they can not at the same time cancel
in DY — n1, see also table 1. Such cancellations would appear in the data as suppressed
CP asymmetries. Physics beyond the SM on the other hand will violate the resulting sum
rules egs. (3.21) and (3.22) at O(1).

The x? function is determined as

X2 = (gdata - gtheo)TCOV_l(gdata - gtheo) > (44)

where §qata refers to the experimental input, Cov is the covariance matrix for the experimental
results and #;heo is the theoretical parametrisation of the respective observables based on
table 1. We minimise this function using the Sequential Least SQuares Programming (SLSQP)
algorithm implemented in SciPy [72, 73]. For all results, minimisations are performed 100
times from random starting points for all parameters.

The AA;, parameters of table 1 are normalised to |Tis| and all phases are defined relative
to the tree amplitude. The fit contains 17 + 8 = 25 parameters for 8 + 1 = 9 observables,
with a total of 8 + 4 = 12 SU(3)p-breaking constraints on the amplitudes.

A x? scan of the allowed SU(3)r breaking e reproduces the pattern of figure 2 of ref. [54].
In the limit of SU(3)p symmetry for both Asg; and AA,, i.e. € = 0, the scan yields a 5.60
discrepancy with respect to a perfect description of the data, x> = 0, which is reached for
e = 50%, consistent with the branching ratio only fit and confirming the exclusion of the
SU(3)f limit. At 30% SU(3)p-breaking, the same y? = 6.01 of the branching ratio fit is
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Figure 1. A2 profile of [C1s/Ts|.

obtained, which indicates that the additional CP violating parameters absorb the effect of the
single experimental result. We note that the non-vanishing value of y? at the global minimum
complies with the expected statistical fluctuations of the branching ratio measurements, see
figure 4 in ref. [54]. In the following, we fix

e = 30% (4.5)

in all fits and calculate the Ax? with respect to the corresponding global minimum.

We stress that the physical constraints on SU(3)p-breaking that we impose on the fit
always apply to parts of amplitudes, not to single parameters. In that way, our fit results
remain independent of the chosen reparametrisation of parameters.

For technical reasons, we include very wide bounds on the SU(3) p-breaking parameters
7;(1). These bounds have no physical meaning and are just a technical choice when performing
the fit. We checked that our results are not touching this boundary, and are therefore
independent of this choice.

The SU(3)r limit parameter C1g, which is a combination of color-suppressed tree and
penguin diagrams, plays an important role for the prediction of the considered CP asymmetries,
as it is the only SU(3)r limit parameter involved which is not constrained by branching
ratio measurements. In figure 1 we show its Ay? profile. Starting from |C1g/ T18] ~ 2, we
observe a plateau with Ay? = 0, i.e., a perfect accommodation of the CP violation data
point. This is a reflection of the lack of data on CP asymmetries to constrain the fit: For a
significantly large enough Cg, its relative phase to the CKM-leading amplitude can always
be tuned such that the single measured CP asymmetry is perfectly described. At smaller
magnitudes, however, the Ax? increases, with [C1g/Tis| = 1 yielding Ax? = 0.95. The
expectation from a 1/N. power counting [74, 75] would be ’élg/flg‘ = 1/3, which gives
Ax? = 2.45, corresponding to a tension with the data at 1.60.



Observable Theory fit Experiment [67]
adin(D® — 7%)  [-0.66,0.66]% —
adin (D0 = ) [-0.29,0.29]% -

adi (DT — 7ty) (040700 %  (0.40 £0.20)%

adt (D — K*n') [-0.62,0.36]% (6.0 & 18.9)%*

Table 2. Predictions for direct CP asymmetries from our global theory fit, compared to the
experimental input data. In cases with large non-Gaussianities we show the 1o ranges and no central
value. “Not included in the fit, see section 4.1 for details.

4.2 Results

In order to make predictions for the CP asymmetries, it is necessary to impose a con-
straint on C'g because the single measured CP asymmetry is not sufficient to constrain
this parameter. Using

Cis

T8

<3, (4.6)

we obtain the results of our theory fit for the CP asymmetries given in table 2 along with
the available experimental data. As discussed below, future experimental measurements will
make it possible to systematically probe this assumption using our results.

The imposed theoretical constraints eq. (4.3) and eq. (4.6) partially lead to a non-Gaussian
Ax?-profiles, featuring flat directions and steep ascends of the Ax2. In such cases we quote
intervals rather than a central value plus error. We note that we predict CP asymmetries at
the sub-percent level and perfectly reproduce the experimental value for DT — 777/,

Interestingly, the underlying approximate SU(3)r symmetry results in correlations be-
tween the CP asymmetries. In figure 2 we show the correlation obtained in our theory fit
between charged and neutral modes. In addition, we show the correlation imposed by the
sum rules eqgs. (3.21)—(3.27) in the SU(3)p limit. Our analysis indicates how far the CP
asymmetries can deviate from these sum rules once SU(3) p-breaking contributions are taken
into account. If future measurements deviate from these correlations, or find individual CP
asymmetries beyond our predictions, this could indicate that |Cyg/ T1s\ is larger than our
bound in eq. (4.6). This ratio probes the CKM-subleading effects over the CKM-leading
effects (also referred to as the penguin over tree ratio). Such a violation of our bound
would already be interesting in itself. Hints for a corresponding related enhancement have
been seen in the D — 7w system, see e.g. the fit results for the ratio of penguin over tree
diagrams with central values of ~ 5 found in ref. [32], triggered by the latest results from
LHCD on a5 (D? — n+7~) [10]. We stress that in our case, due to the reparametrization
eq. (3.13), it is not possible to disentangle the color-suppressed tree from the penguin. This
also means that for D — Pn’, we would obtain non-vanishing CP asymmetries even in the
limit where all penguin diagrams are zero.

New measurements of the CP asymmetries are therefore of key importance. Such future
measurements could then be used to extract the parameter |Cg /T18] directly from data.

,10,
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Figure 2. Correlations between predicted CP asymmetries for the charged (left) and neutral (right)
modes. The red line represents the SU(3)r limit sum rules egs. (3.21), (3.22). The blue line indicates
the modified sum rules egs. (3.28), (3.27) which partially account for SU(3) p-breaking effects. The
contour lines represent the 68.30% and 95.45% confidence levels.

In order to facilitate this extraction we provide in figure 3 the allowed ranges for the CP
asymmetries as a function of [C1g/T1s|. We stress that the assumption eq. (4.6) does not
enter figure 3. Once a CP asymmetry is measured, the corresponding interval of |C1g/ T18|
can be read off from the corresponding plot. Several CP asymmetry measurements would
then allow to check for consistency between the different modes and the validity of our
SU(3)p-based analysis.

In particular, figure 3(c) shows that the current data for adit (Dt — +n/) prefers

|Cis/Tis| 2 1. (4.7)
With future more precise data on a%if,(DJr — 1), it will be possible to probe the expectation
from 1/N, power counting |€18/T18| ~ 0.3.

5 Conclusions

The direct CP asymmetries of SCS D — Pn’ decays are basically uncharted territory and
offer a big opportunity to further explore CP violation in the charm sector. We provide
SM predictions based on the approximate SU(3)r symmetry of QCD including first order
breaking effects that allow the interpretation of future data. In our global analysis we allow
for 30% linear SU(3)p-breaking effects.

The major results of this paper are the correlations between the four CP asymmetries
obtained from our global theory fit to the available D — Pn’ data in figure 2. These plots
show how far the CP asymmetries can deviate from their SU(3)z limit sum rules, and serve
as a future test of the consistency of the data.

Compared to the CKM-leading amplitude relevant for branching ratio studies, the
CKM-subleading part, crucial for CP violation, is described by one additional SU(3)p limit
parameter C';g which also contains the penguin topologies. The current measurement of the
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Figure 3. Predictions for CP asymmetries as a function of the SU(3)p limit parameter ratio
‘518 /Tlg). The filled green areas represent the 1o and 20 confidence levels. The gray band in
a‘éil'S(D"r — 7tn’) corresponds to the 1o experimental input. The plots can be used as a tool in order
to interpret future determinations of CP asymmetries in terms of allowed intervals for ’618/ T18’ and

check their consistency.

Dt — 7ty CP asymmetry places a weak constraint on the ratio |C1g/T1g| = 1, which probes
the CKM-subleading over CKM-leading amplitudes. Further constraining this ratio from
experimental data is key to understanding CP violation in charm, not only in D — Pn’ but
also beyond, and to probe expectations based on the 1/N, power counting. Our predictions
displayed in figure 3 can be used to extract this ratio directly from data, allowing for the
early identification of possible deviations from the Standard Model.
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A Topological decomposition without redefinitions

In tables 3, 4 and 5 we show the topological decomposition of the CKM-subleading amplitudes
Ap(d), complementing the CKM-leading ones given in ref. [54]. We show the definitions
of the topologies in figure 4.

1 1 1 1 1 1 1 1 1 1 1 1
Decay ampl. Ay(d)(Tis A1s As1 Ag TI(S,)I 1(8)2 T1(8,)3 Tés) (18)1 §8)2 él)l él)Z 2(51)3 és) Ag{,)1 Ag{,)g
DY — 70/ o o0 0/lO O O O O O O o0 O 0 0 O
DO — o0 0o0/0 0O O O O O 0O O O 0 0 O
+ +o/ 11 1 3 1 2
Dt mrty L L 3l 0 0 L 0 0 0 0 0 2 o0 o0
+ o 1101 3|1 1 1 _ f2o1 1 1 1 1 _1
DI=K' s 5wl 5 va Vivi 5 v5 5 w3 w5 V3 V3

Table 3. Decomposition of A, coefficients for tree (T') and annihilation (A) topologies.

becay amal. Ap(@fcis Con Ers Bor B [0l €10, 0l cl ol o ofy) B, B, £, 5D, 5, 5, £ B B0, B2 £,
DY — =0y’ % —% —% —ﬁ —% ﬁ ﬁ 0 0 0 —% 0o o0 0 0 0 0 0 —% 0 0 0 0
Do |G-t s 0 -¥-¥ -3 4 -F-F-F-F-F-F 3§ 4 -vi-vToa
Dt 5 oty % 0 0 0 0 % % 0 0 0 7% 0 0 0 0 0 0 0 0 0 0 0 0
pf - Kty % 0 0 0 0 ﬁ % % 0 0 —ﬁ 0 0 0 0 0 0 0 0o 0 o0 0 0

Table 4. Decomposition of 4, coefficients for colour-suppressed trees (C') and exchange (E) topologies.

Decay ampl. Ay (d)| Prs Ps1 Pu|Pg)y P&y P8, PG P PO P Pa) Pal), Pal) Pal), Pal) PAY PASD PAl) |
DY — 0y/ % % % 0 0 0 % 0 o0 0 0 0 0 0 0 0 0 0
DO — ! A=Al o 0o 0o 3 2 o 2 2 2 L ME 2 2 —vV2 6
Dt = xty! % % % 0 0 0 % 0 o0 0 0 0 0 0 0 0 0 0

DF = Kty %%%% % %—% o 3 o0 0 0 0 0 0 0 0 0

Table 5. Decomposition of A coefficients for penguin topologies (P and P A, for penguin-annihilation).
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Figure 4. SU(3)p-breaking topologies contributing to A,. The subscripts ij indicate the mixed
singlet-octet contributions, i.e., 18 or 81. The Feynman diagrams are created with JaxoDraw [76, 77].

— 14 —



Data Availability Statement. This article has no associated data or the data will not
be deposited.

Code Availability Statement. This article has no associated code or the code will not
be deposited.

Open Access. This article is distributed under the terms of the Creative Commons Attri-
bution License (CC-BY4.0), which permits any use, distribution and reproduction in any
medium, provided the original author(s) and source are credited.

References

[1] LHCb collaboration, Search for CP wviolation in D(t) — K~ KTK™* decays, JHEP 07 (2023) 067
[arXiv:2303.04062] [INSPIRE].

[2] LHCb collaboration, Search for CP wiolation in the phase space of D° — n~nt7® decays with
the energy test, JHEP 09 (2023) 129 [Erratum ibid. 04 (2024) 040] [arXiv:2306.12746]
[INSPIRE].

[3] LHCD collaboration, Search for CP wviolation in the phase space of D — KSK*n¥ decays with
the energy test, JHEP 03 (2024) 107 [arXiv:2310.19397] [INSPIRE].

[4] LHCb collaboration, Measurement of CP Violation Observables in DT — K~ K*n™ Decays,
Phys. Rev. Lett. 133 (2024) 251801 [arXiv:2409.01414] [InSPIRE].

[5] CMS collaboration, Search for C'P violation in D° — K2K?2 decays in proton-proton collisions
at \/s =13 TeV, Eur. Phys. J. C' 84 (2024) 1264 [arXiv:2405.11606] InSPIRE].

[6] BELLE-II collaboration, Novel method for the identification of the production flavor of neutral
charmed mesons, Phys. Rev. D 107 (2023) 112010 [arXiv:2304.02042] [INSPIRE].

[7] BELLE collaboration, Search for CP wiolation in DE:) — KtKYh*th~ (h=K,n) decays and
observation of the Cabibbo-suppressed decay D} — KTK~KYr™, Phys. Rev. D 108 (2023)
L111102 [arXiv:2305.11405] [inSPIRE].

[8] LHCD collaboration, Measurement of CP asymmetry in D° — KJK$ decays with the LHCb
Upgrade I detector, JHEP 02 (2026) 253 [arXiv:2510.14732] [InSPIRE].

[9] LHCD collaboration, Observation of CP Violation in Charm Decays, Phys. Rev. Lett. 122 (2019)
211803 [arXiv:1903.08726] [INSPIRE].

[10] LHCbD collaboration, Measurement of the Time-Integrated CP Asymmetry in D® — K~ K™+
Decays, Phys. Rev. Lett. 131 (2023) 091802 [arXiv:2209.03179] [INnSPIRE].

[11] BESIII collaboration, Measurements of absolute branching fractions of D° — K%¢, K%n, K%w,
and K%', Phys. Rev. D 105 (2022) 092010 [arXiv:2202.13601] INSPIRE].

[12] BELLE collaboration, Measurement of branching fractions and search for C'P violation in
DY — ntr=n, DY — K*K~n, and D° — ¢n at Belle, JHEP 09 (2021) 075
[arXiv:2106.04286] [INSPIRE].

[13] LHCD collaboration, Measurement of CP asymmetries in DE"S) — nrt and DE’;) — n'nt decays,
JHEP 04 (2023) 081 [arXiv:2204.12228] [iNSPIRE].

[14] LHCD collaboration, Search for CP wiolation in D(J;) — ht7% and D(J;) — h*n decays, JHEP 06
(2021) 019 [arXiv:2103.11058] [INSPIRE].

,15,


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/JHEP07(2023)067
https://doi.org/10.48550/arXiv.2303.04062
https://inspirehep.net/literature/2639012
https://doi.org/10.1007/JHEP09(2023)129
https://doi.org/10.48550/arXiv.2306.12746
https://inspirehep.net/literature/2670819
https://doi.org/10.1007/JHEP03(2024)107
https://doi.org/10.48550/arXiv.2310.19397
https://inspirehep.net/literature/2715658
https://doi.org/10.1103/PhysRevLett.133.251801
https://doi.org/10.48550/arXiv.2409.01414
https://inspirehep.net/literature/2824172
https://doi.org/10.1140/epjc/s10052-024-13244-0
https://doi.org/10.48550/arXiv.2405.11606
https://inspirehep.net/literature/2788405
https://doi.org/10.1103/PhysRevD.107.112010
https://doi.org/10.48550/arXiv.2304.02042
https://inspirehep.net/literature/2649274
https://doi.org/10.1103/PhysRevD.108.L111102
https://doi.org/10.1103/PhysRevD.108.L111102
https://doi.org/10.48550/arXiv.2305.11405
https://inspirehep.net/literature/2661214
https://doi.org/10.1007/JHEP02(2026)253
https://doi.org/10.48550/arXiv.2510.14732
https://inspirehep.net/literature/3070434
https://doi.org/10.1103/PhysRevLett.122.211803
https://doi.org/10.1103/PhysRevLett.122.211803
https://doi.org/10.48550/arXiv.1903.08726
https://inspirehep.net/literature/1726338
https://doi.org/10.1103/PhysRevLett.131.091802
https://doi.org/10.48550/arXiv.2209.03179
https://inspirehep.net/literature/2692262
https://doi.org/10.1103/PhysRevD.105.092010
https://doi.org/10.48550/arXiv.2202.13601
https://inspirehep.net/literature/2039948
https://doi.org/10.1007/JHEP09(2021)075
https://doi.org/10.48550/arXiv.2106.04286
https://inspirehep.net/literature/1867474
https://doi.org/10.1007/JHEP04(2023)081
https://doi.org/10.48550/arXiv.2204.12228
https://inspirehep.net/literature/2072369
https://doi.org/10.1007/JHEP06(2021)019
https://doi.org/10.1007/JHEP06(2021)019
https://doi.org/10.48550/arXiv.2103.11058
https://inspirehep.net/literature/1852815

[15]

[16]

[17]

[18]

[19]

[20]

[22]

[23]

[24]

[25]

[26]

[27]

[31]

[32]

[33]

[34]

BELLE collaboration, Measurement of branching fractions and CP asymmetries for
Df — KT (n,7°) and DF — 7 (n,7Y) decays at Belle, Phys. Rev. D 103 (2021) 112005
[arXiv:2103.09969] [INSPIRE].

BELLE-II collaboration, The Belle IT Physics Book, PTEP 2019 (2019) 123C01 [Erratum ibid.
2020 (2020) 029201] [arXiv:1808.10567] [iNSPIRE].

A. Cerri et al., Report from Working Group 4: Opportunities in Flavour Physics at the HL-LHC
and HE-LHC, CERN Yellow Rep. Monogr. 7 (2019) 867 [arXiv:1812.07638| [INSPIRE].

LHCb collaboration, Physics case for an LHCb Upgrade II — Opportunities in flavour physics,
and beyond, in the HL-LHC era, arXiv:1808.08865 [INSPIRE].

J. Brod, A.L. Kagan and J. Zupan, Size of direct CP violation in singly Cabibbo-suppressed D
decays, Phys. Rev. D 86 (2012) 014023 [arXiv:1111.5000] [INSPIRE].

J. Brod, Y. Grossman, A.L. Kagan and J. Zupan, A Consistent Picture for Large Penguins in
D — ntr=, K*K~, JHEP 10 (2012) 161 [arXiv:1203.6659] [INSPIRE].

E. Franco, S. Mishima and L. Silvestrini, The Standard Model confronts CP wviolation in
D° — ntn~ and D° — KTK~, JHEP 05 (2012) 140 [arXiv:1203.3131] [nSPIRE].

H.-Y. Cheng and C.-W. Chiang, Direct CP violation in two-body hadronic charmed meson decays,
Phys. Rev. D 85 (2012) 034036 [Erratum ibid. 85 (2012) 079903] [arXiv:1201.0785] [INSPIRE].

A. Khodjamirian and A.A. Petrov, Direct CP asymmetry in D — =7t and D — K~ KT in
QCD-based approach, Phys. Lett. B 774 (2017) 235 [arXiv:1706.07780] InSPIRE].

H.-Y. Cheng and C.-W. Chiang, Revisiting CP violation in D — PP and VP decays, Phys. Rev.
D 100 (2019) 093002 [arXiv:1909.03063] [INSPIRE].

M. Chala, A. Lenz, A.V. Rusov and J. Scholtz, AAcp within the Standard Model and beyond,
JHEP 07 (2019) 161 [arXiv:1903.10490] [INSPIRE].

Y. Grossman and S. Schacht, The emergence of the AU = 0 rule in charm physics, JHEP 07
(2019) 020 [arXiv:1903.10952] INSPIRE].

A. Dery, Y. Grossman, S. Schacht and A. Soffer, Probing the AU = 0 rule in three body charm
decays, JHEP 05 (2021) 179 [arXiv:2101.02560] [INSPIRE].

S. Schacht and A. Soni, Enhancement of charm CP violation due to nearby resonances, Phys.
Lett. B 825 (2022) 136855 [arXiv:2110.07619] [INSPIRE].

S. Schacht, A U-spin anomaly in charm CP violation, JHEP 03 (2023) 205 [arXiv:2207.08539]
[INSPIRE].

I. Bediaga, T. Frederico and P.C. Magalhaes, Enhanced Charm CP Asymmetries from Final
State Interactions, Phys. Rev. Lett. 131 (2023) 051802 [arXiv:2203.04056] INSPIRE].

A. Lenz, M.L. Piscopo and A.V. Rusov, Two body non-leptonic D° decays from LCSR and
implications for Aa%ip, JHEP 03 (2024) 151 [arXiv:2312.13245] [INSPIRE].

M. Gavrilova, Y. Grossman and S. Schacht, Determination of the D — ©w ratio of penguin over
tree diagrams, Phys. Rev. D 109 (2024) 033011 [arXiv:2312.10140] InSPIRE].

A. Pich, E. Solomonidi and L. Vale Silva, Final-state interactions in the CP asymmetries of
charm-meson two-body decays, Phys. Rev. D 108 (2023) 036026 [arXiv:2305.11951] INSPIRE].

Y. Grossman, A.L. Kagan and Y. Nir, New physics and CP wviolation in singly Cabibbo
suppressed D decays, Phys. Rev. D 75 (2007) 036008 [hep-ph/0609178] [INSPIRE].

,16,


https://doi.org/10.1103/PhysRevD.103.112005
https://doi.org/10.48550/arXiv.2103.09969
https://inspirehep.net/literature/1852254
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.48550/arXiv.1808.10567
https://inspirehep.net/literature/1692393
https://doi.org/10.23731/CYRM-2019-007.867
https://doi.org/10.48550/arXiv.1812.07638
https://inspirehep.net/literature/1710056
https://doi.org/10.48550/arXiv.1808.08865
https://inspirehep.net/literature/1691586
https://doi.org/10.1103/PhysRevD.86.014023
https://doi.org/10.48550/arXiv.1111.5000
https://inspirehep.net/literature/946864
https://doi.org/10.1007/JHEP10(2012)161
https://doi.org/10.48550/arXiv.1203.6659
https://inspirehep.net/literature/1095540
https://doi.org/10.1007/JHEP05(2012)140
https://doi.org/10.48550/arXiv.1203.3131
https://inspirehep.net/literature/1093750
https://doi.org/10.1103/PhysRevD.85.034036
https://doi.org/10.48550/arXiv.1201.0785
https://inspirehep.net/literature/1083309
https://doi.org/10.1016/j.physletb.2017.09.070
https://doi.org/10.48550/arXiv.1706.07780
https://inspirehep.net/literature/1607258
https://doi.org/10.1103/PhysRevD.100.093002
https://doi.org/10.1103/PhysRevD.100.093002
https://doi.org/10.48550/arXiv.1909.03063
https://inspirehep.net/literature/1753090
https://doi.org/10.1007/JHEP07(2019)161
https://doi.org/10.48550/arXiv.1903.10490
https://inspirehep.net/literature/1726491
https://doi.org/10.1007/JHEP07(2019)020
https://doi.org/10.1007/JHEP07(2019)020
https://doi.org/10.48550/arXiv.1903.10952
https://inspirehep.net/literature/1726788
https://doi.org/10.1007/JHEP05(2021)179
https://doi.org/10.48550/arXiv.2101.02560
https://inspirehep.net/literature/1839648
https://doi.org/10.1016/j.physletb.2021.136855
https://doi.org/10.1016/j.physletb.2021.136855
https://doi.org/10.48550/arXiv.2110.07619
https://inspirehep.net/literature/1945614
https://doi.org/10.1007/JHEP03(2023)205
https://doi.org/10.48550/arXiv.2207.08539
https://inspirehep.net/literature/2116106
https://doi.org/10.1103/PhysRevLett.131.051802
https://doi.org/10.48550/arXiv.2203.04056
https://inspirehep.net/literature/2047924
https://doi.org/10.1007/JHEP03(2024)151
https://doi.org/10.48550/arXiv.2312.13245
https://inspirehep.net/literature/2739307
https://doi.org/10.1103/PhysRevD.109.033011
https://doi.org/10.48550/arXiv.2312.10140
https://inspirehep.net/literature/2738121
https://doi.org/10.1103/PhysRevD.108.036026
https://doi.org/10.48550/arXiv.2305.11951
https://inspirehep.net/literature/2661769
https://doi.org/10.1103/PhysRevD.75.036008
https://doi.org/10.48550/arXiv.hep-ph/0609178
https://inspirehep.net/literature/726482

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

W. Altmannshofer, R. Primulando, C.-T. Yu and F. Yu, New Physics Models of Direct CP
Violation in Charm Decays, JHEP 04 (2012) 049 [arXiv:1202.2866] [INSPIRE].

R. Bause et al., U-spin-CP anomaly in charm, Phys. Rev. D 108 (2023) 035005
[arXiv:2210.16330] [NSPIRE].

A. Dery and Y. Nir, Implications of the LHCb discovery of CP wiolation in charm decays, JHEP
12 (2019) 104 [arXiv:1909.11242] [INSPIRE].

Y. Grossman, A.L. Kagan and J. Zupan, Testing for new physics in singly Cabibbo suppressed D
decays, Phys. Rev. D 85 (2012) 114036 [arXiv:1204.3557] [INSPIRE].

Y. Grossman and D.J. Robinson, SU(3) Sum Rules for Charm Decay, JHEP 04 (2013) 067
[arXiv:1211.3361] INSPIRE).

Y. Grossman, Z. Ligeti and D.J. Robinson, More Flavor SU(3) Tests for New Physics in CP
Violating B Decays, JHEP 01 (2014) 066 [arXiv:1308.4143] INSPIRE].

S. Miiller, U. Nierste and S. Schacht, Sum Rules of Charm CP Asymmetries beyond the SU(3)p
Limit, Phys. Rev. Lett. 115 (2015) 251802 [arXiv:1506.04121] [INSPIRE].

Y. Grossman and S. Schacht, U-Spin Sum Rules for CP Asymmetries of Three-Body Charmed
Baryon Decays, Phys. Rev. D 99 (2019) 033005 [arXiv:1811.11188] INSPIRE].

M. Gavrilova, Y. Grossman and S. Schacht, The mathematical structure of U-spin amplitude sum
rules, JHEP 08 (2022) 278 [arXiv:2205.12975] [INSPIRE].

M. Gavrilova and S. Schacht, Systematics of U-spin sum rules for systems with direct sums,
JHEP 12 (2024) 072 [arXiv:2409.03830] [NSPIRE].

S. Iguro, U. Nierste, E. Overduin and M. Schiiller, SU(3) g sum rules for CP asymmetries of
Dy decays, Phys. Rev. D 111 (2025) 035023 [arXiv:2408.03227] [INSPIRE].

D. Pirtskhalava and P. Uttayarat, CP Violation and Flavor SU(3) Breaking in D-meson Decays,
Phys. Lett. B 712 (2012) 81 [arXiv:1112.5451] [INSPIRE].

T. Feldmann, S. Nandi and A. Soni, Repercussions of Flavour Symmetry Breaking on CP
Violation in D-Meson Decays, JHEP 06 (2012) 007 [arXiv:1202.3795] [INSPIRE].

B. Bhattacharya, M. Gronau and J.L. Rosner, CP asymmetries in singly- Cabibbo-suppressed D
decays to two pseudoscalar mesons, Phys. Rev. D 85 (2012) 054014 [arXiv:1201.2351]
[INSPIRE].

G. Hiller, M. Jung and S. Schacht, SU(3)-flavor anatomy of nonleptonic charm decays, Phys.
Rev. D 87 (2013) 014024 [arXiv:1211.3734] [INSPIRE].

S. Miiller, U. Nierste and S. Schacht, Topological amplitudes in D decays to two pseudoscalars: A
global analysis with linear SU(3)p breaking, Phys. Rev. D 92 (2015) 014004 [arXiv:1503.06759]
[INSPIRE].

U. Nierste and S. Schacht, CP Violation in D° — KgKs, Phys. Rev. D 92 (2015) 054036
[arXiv:1508.00074] [INSPIRE].

M.T. Hansen and S.R. Sharpe, Multiple-channel generalization of Lellouch-Luscher formula,
Phys. Rev. D 86 (2012) 016007 [arXiv:1204.0826] [INSPIRE].

M. Di Carlo, F. Erben and M.T. Hansen, Long distance contributions to neutral D-meson mizing
from lattice QCD, JHEP 07 (2025) 229 [arXiv:2504.16189] [INSPIRE].

C. Bolognani, U. Nierste, S. Schacht and K.K. Vos, Anatomy of non-leptonic two-body decays of
charmed mesons into final states with n', JHEP 05 (2025) 148 [arXiv:2410.08138] [INSPIRE].

,17,


https://doi.org/10.1007/JHEP04(2012)049
https://doi.org/10.48550/arXiv.1202.2866
https://inspirehep.net/literature/1089036
https://doi.org/10.1103/PhysRevD.108.035005
https://doi.org/10.48550/arXiv.2210.16330
https://inspirehep.net/literature/2173398
https://doi.org/10.1007/JHEP12(2019)104
https://doi.org/10.1007/JHEP12(2019)104
https://doi.org/10.48550/arXiv.1909.11242
https://inspirehep.net/literature/1755940
https://doi.org/10.1103/PhysRevD.85.114036
https://doi.org/10.48550/arXiv.1204.3557
https://inspirehep.net/literature/1111038
https://doi.org/10.1007/JHEP04(2013)067
https://doi.org/10.48550/arXiv.1211.3361
https://inspirehep.net/literature/1202701
https://doi.org/10.1007/JHEP01(2014)066
https://doi.org/10.48550/arXiv.1308.4143
https://inspirehep.net/literature/1249883
https://doi.org/10.1103/PhysRevLett.115.251802
https://doi.org/10.48550/arXiv.1506.04121
https://inspirehep.net/literature/1376015
https://doi.org/10.1103/PhysRevD.99.033005
https://doi.org/10.48550/arXiv.1811.11188
https://inspirehep.net/literature/1705688
https://doi.org/10.1007/JHEP08(2022)278
https://doi.org/10.48550/arXiv.2205.12975
https://inspirehep.net/literature/2087925
https://doi.org/10.1007/JHEP12(2024)072
https://doi.org/10.48550/arXiv.2409.03830
https://inspirehep.net/literature/2825805
https://doi.org/10.1103/PhysRevD.111.035023
https://doi.org/10.48550/arXiv.2408.03227
https://inspirehep.net/literature/2815325
https://doi.org/10.1016/j.physletb.2012.04.039
https://doi.org/10.48550/arXiv.1112.5451
https://inspirehep.net/literature/1082746
https://doi.org/10.1007/JHEP06(2012)007
https://doi.org/10.48550/arXiv.1202.3795
https://inspirehep.net/literature/1089403
https://doi.org/10.1103/PhysRevD.85.054014
https://doi.org/10.48550/arXiv.1201.2351
https://inspirehep.net/literature/1084195
https://doi.org/10.1103/PhysRevD.87.014024
https://doi.org/10.1103/PhysRevD.87.014024
https://doi.org/10.48550/arXiv.1211.3734
https://inspirehep.net/literature/1202875
https://doi.org/10.1103/PhysRevD.92.014004
https://doi.org/10.48550/arXiv.1503.06759
https://inspirehep.net/literature/1355235
https://doi.org/10.1103/PhysRevD.92.054036
https://doi.org/10.48550/arXiv.1508.00074
https://inspirehep.net/literature/1386267
https://doi.org/10.1103/PhysRevD.86.016007
https://doi.org/10.48550/arXiv.1204.0826
https://inspirehep.net/literature/1103067
https://doi.org/10.1007/JHEP07(2025)229
https://doi.org/10.48550/arXiv.2504.16189
https://inspirehep.net/literature/2914891
https://doi.org/10.1007/JHEP05(2025)148
https://doi.org/10.48550/arXiv.2410.08138
https://inspirehep.net/literature/2838953

[55]

[56]

[57]

[58]

[62]

[63]
[64]

[66]

[67]

[70]

[71]

[72]

[73]

[74]

B. Bhattacharya and J.L. Rosner, Charmed meson decays to two pseudoscalars, Phys. Rev. D 81
(2010) 014026 [arXiv:0911.2812] NSPIRE].

B. Bhattacharya, A. Datta, A.A. Petrov and J. Waite, Flavor SU(3) in Cabibbo-favored
D-meson decays, JHEP 10 (2021) 024 [arXiv:2107.13564] INSPIRE].

PARTICLE DATA GROUP collaboration, Review of particle physics, Phys. Rev. D 110 (2024)
030001 [1NSPIRE].

M. Golden and B. Grinstein, Enhanced CP Violations in Hadronic Charm Decays, Phys. Lett. B
222 (1989) 501 [INSPIRE].

U. Nierste and S. Schacht, Neutral D — KK* decays as discovery channels for charm CP
violation, Phys. Rev. Lett. 119 (2017) 251801 [arXiv:1708.03572] [INSPIRE].

S.J. Lindenbaum, The OZI rule and glueballs, Nuovo Cim. A 65 (1981) 222 nSPIRE].

D.-S. Du and Z.-Z. Xing, Effect of hairpin diagram on two-body nonleptonic B decays and CP
violation, Phys. Lett. B 312 (1993) 199 [hep-ph/9307218] [INSPIRE].

A.J. Buras and L. Silvestrini, Nonleptonic two-body B decays beyond factorization, Nucl. Phys. B
569 (2000) 3 [hep-ph/9812392] [INSPIRE].

S. Okubo, Phi meson and unitary symmetry model, Phys. Lett. 5 (1963) 165 [INSPIRE].

J. Tizuka, Systematics and phenomenology of meson family, Prog. Theor. Phys. Suppl. 37 (1966)
21 [INSPIRE].

G. Zweig, An SU(3) model for strong interaction symmetry and its breaking. Version 2, in
Developments in the quark theory of hadrons. Vol. 1. 1964-1978, D.B. Lichtenberg and
S.P. Rosen eds., Hadronic Press (1964), p. 22-101 [D0I:10.17181/CERN-TH-412] [INSPIRE].

BESIII collaboration, Measurements of the absolute branching fractions of the doubly
Cabibbo-suppressed decays DY — K+7°, DY — K*+n and Dt — K*1/, arXiv:2506. 15533
[INSPIRE].

HEAVY FLAVOR AVERAGING GROUP (HFLAV) collaboration, Averages of b-hadron, c-hadron,
and T-lepton properties as of 2023, Phys. Rev. D 113 (2026) 012008 [arXiv:2411.18639]
[NSPIRE].

CLEO collaboration, Measurements of D Meson Decays to Two Pseudoscalar Mesons, Phys.
Rev. D 81 (2010) 052013 [arXiv:0906.3198] [INSPIRE].

BELLE collaboration, Observation of DT — K+n") and Search for CP Violation in
Dt — 7tn") Decays, Phys. Rev. Lett. 107 (2011) 221801 [arXiv:1107.0553] [NSPIRE].

M. Gersabeck et al., On the interplay of direct and indirect CP violation in the charm sector, J.
Phys. G 39 (2012) 045005 [arXiv:1111.6515] [INSPIRE].

A.L. Kagan and L. Silvestrini, Dispersive and absorptive C'P violation in D° — DO mizing, Phys.
Rev. D 103 (2021) 053008 [arXiv:2001.07207] [INSPIRE].

D. Kraft, A Software Package for Sequential Quadratic Programming, in Deutsche Forschungs-
und Versuchsanstalt fiir Luft- und Raumfahrt Koln: Forschungsbericht, Wiss. Berichtswesen d.
DFVLR (1988).

P. Virtanen et al., SciPy 1.0 — Fundamental Algorithms for Scientific Computing in Python,
Nature Meth. 17 (2020) 261 [arXiv:1907.10121] [NSPIRE].

A.J. Buras, J.M. Gerard and R. Ruckl, 1/N Ezpansion for Exclusive and Inclusive Charm
Decays, Nucl. Phys. B 268 (1986) 16 [INSPIRE].

,18,


https://doi.org/10.1103/PhysRevD.81.014026
https://doi.org/10.1103/PhysRevD.81.014026
https://doi.org/10.48550/arXiv.0911.2812
https://inspirehep.net/literature/836967
https://doi.org/10.1007/JHEP10(2021)024
https://doi.org/10.48550/arXiv.2107.13564
https://inspirehep.net/literature/1895135
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://inspirehep.net/literature/2817040
https://doi.org/10.1016/0370-2693(89)90353-5
https://doi.org/10.1016/0370-2693(89)90353-5
https://inspirehep.net/literature/277142
https://doi.org/10.1103/PhysRevLett.119.251801
https://doi.org/10.48550/arXiv.1708.03572
https://inspirehep.net/literature/1615769
https://doi.org/10.1007/BF02902136
https://inspirehep.net/literature/156576
https://doi.org/10.1016/0370-2693(93)90510-O
https://doi.org/10.48550/arXiv.hep-ph/9307218
https://inspirehep.net/literature/35366
https://doi.org/10.1016/S0550-3213(99)00712-9
https://doi.org/10.1016/S0550-3213(99)00712-9
https://doi.org/10.48550/arXiv.hep-ph/9812392
https://inspirehep.net/literature/481017
https://doi.org/10.1016/S0375-9601(63)92548-9
https://inspirehep.net/literature/12293
https://doi.org/10.1143/PTPS.37.21
https://doi.org/10.1143/PTPS.37.21
https://inspirehep.net/literature/50049
https://doi.org/10.17181/CERN-TH-412
https://inspirehep.net/literature/4674
https://doi.org/10.48550/arXiv.2506.15533
https://inspirehep.net/literature/2936552
https://doi.org/10.1103/x87q-tld5
https://doi.org/10.48550/arXiv.2411.18639
https://inspirehep.net/literature/2854243
https://doi.org/10.1103/PhysRevD.81.052013
https://doi.org/10.1103/PhysRevD.81.052013
https://doi.org/10.48550/arXiv.0906.3198
https://inspirehep.net/literature/823407
https://doi.org/10.1103/PhysRevLett.107.221801
https://doi.org/10.48550/arXiv.1107.0553
https://inspirehep.net/literature/916845
https://doi.org/10.1088/0954-3899/39/4/045005
https://doi.org/10.1088/0954-3899/39/4/045005
https://doi.org/10.48550/arXiv.1111.6515
https://inspirehep.net/literature/963362
https://doi.org/10.1103/PhysRevD.103.053008
https://doi.org/10.1103/PhysRevD.103.053008
https://doi.org/10.48550/arXiv.2001.07207
https://inspirehep.net/literature/1776611
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.48550/arXiv.1907.10121
https://inspirehep.net/literature/1746174
https://doi.org/10.1016/0550-3213(86)90200-2
https://inspirehep.net/literature/218335

[75] G.’t Hooft, A Planar Diagram Theory for Strong Interactions, Nucl. Phys. B 72 (1974) 461
[[NSPIRE].

[76] D. Binosi and L. TheuBl, JazoDraw: A graphical user interface for drawing Feynman diagrams,
Comput. Phys. Commun. 161 (2004) 76 [hep-ph/0309015] [INSPIRE].

[77] D. Binosi, J. Collins, C. Kauthold and L. Theussl, JazoDraw: A graphical user interface for

drawing Feynman diagrams. Version 2.0 release notes, Comput. Phys. Commun. 180 (2009) 1709
[arXiv:0811.4113] [INSPIRE].

,19,


https://doi.org/10.1016/0550-3213(74)90154-0
https://inspirehep.net/literature/80491
https://doi.org/10.1016/j.cpc.2004.05.001
https://doi.org/10.48550/arXiv.hep-ph/0309015
https://inspirehep.net/literature/626979
https://doi.org/10.1016/j.cpc.2009.02.020
https://doi.org/10.48550/arXiv.0811.4113
https://inspirehep.net/literature/803505

	Introduction 
	Notation 
	Topological decomposition of CKM-subleading amplitudes 
	Decomposition
	CP asymmetry sum rules

	Predictions for CP asymmetries 
	Numerical inputs and setup of the analysis 
	Results

	Conclusions 
	Topological decomposition without redefinitions 

