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1. Introduction

The study of nonleptonic decays of charmed mesons is particularly interesting for many rea-
1

sons' .

e These decays give us the possibility to study the CP violation effects in the case of a quark of
up-type. In fact the Singly Cabibbo Suppressed (SCS) decay amplitudes receive contribution
from current-current operators and from penguin operators with different weak phases. This
is the necessary condition to reveal CP violating effects. In fact it is possible to show that the
amplitudes for SCS decay modes can be written as

1., . 1o, '
55 = S (ViVas = ViaVua)A1 € = Vi Vi) & (11

where the A2 and A(P) are the tree and the penguin amplitudes, respectively. While 6 and
&’ are strong phases. The related CP direct asymmetry is
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The estimation of acp requires the calculation of the strong phases, which are expected to
be large due to the presence of resonances with masses near to the mass of D mesons, and
hadronic amplitudes, A ) and A(12),

e The calculation of the hadronic amplitudes represents a very challenging goal. The mass of
the charm quark is not enough large to benefit from the powerful approach of Heavy Quark
Effective Theory [4]. Neither it is possible to use the Chiral Perturbation Theory because the
charm mass it too large respect the scale of the strong interactions. The only available first
principle calculational method remains the lattice [5, 6], but for now this approach is not reli-
able for the charmed mesons. Meanwhile, these processes are studied by phenomenological
models.

In the following we will consider the decays of D and Ds; mesons in two pseudoscalar mesons
in the framework of the Standard Model and in particular we will focus our attention on the use
of SU(3)r symmetry. This approach dates back to the discovery of the J/y meson [7, 8, 9, 10].
However, we limit ourself to review literature on the subject after 2012, the year of the first experi-
mental measurements of Aacp = acp(D° — KTK~) —acp(D® — wtm~) [11, 12] %. The first large
measured value of Aacp triggered a lot of research devoted to understand this result. There was
two different and well motivated positions respect to the compatibility of the data with the Standard
Model. Many authors supported the idea that direct CP violation of the order of 1% in the charm
sector is a clear sign of New Physics effects [18]. Many others [19] have arguments in favor of
the possibility to account for large CP violation effects in the Standard Model as a consequence of
large phases coming from Final State interaction (FSI).

ISee also [1,2,3].
2See also [13, 14] and the more recent LHCb measurements [15, 16, 17]
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2. The D — PP decay modes and SU (3)r symmetry

The decays of D and Dy mesons into two light ones can, in principle, be studied by assuming
SU (3)F flavour symmetry. In the case of two pseudoscalar mesons the idea is to classify the final
states as the symmetric part of product of the two octets’, which classifies the pions, kaons and the

UE
PP~ (8®8)=108®27. 2.1

The D mesons can be regarded as members of a anti-triplet of SU(3)r, (D°, D, D) ~ 3; while,
being the effective hamiltonian responsible of charm decays made of three light quark fields and
one charm field, it is given by the tensor product

H ~32303~303d6415. (2.2)
The physical amplitudes in this approach are given by
(PP|A|D) ~ (1®8®27| (365 15) [3) . (2.3)

The Wigner-Eckart theorem allow us to write all the amplitudes (corresponding to well defined
initial and final state, they are fixed by their values of the isospin, and hypercharge operators) in
terms of three unknown Reduced Matrix Elements (RME)*

(8[115(|3),  (271115||3), (8]|6]|3) . (2.4)

Therefore, in the limit of symmetry, the theoretical description of all these decay modes requires
to fix 5 unknown parameters (they became 9 if we include the contribution of the 3 representa-
tion). Anyway, by looking at the experimental data it is easy to understand that the SU (3)r flavour
symmety is strongly violated. In fact, for example, the relations [20, 21]

AD® - KTK™) = —AD° -t n), (2.5
adit(KTK™) = —adit(nt ™), (2.6)
tanOcA(D" — K°n) = V2A(DT — n°xnt), (2.7)
Br(D° - K*n~) = tan*(6¢c)Br(D° — K~ n), (2.8)
A(D° = K°K") = 0, (2.9)

dictated by the SU (3)r symmetry are at odds with data [22]. The linear breaking of the symmetry
has been discussed in [23, 24], where the authors wrote the new operators appearing in the analysis
for my # m,, 4 and identify 15 new RMEs. At the end if we take into account also the linear breaking
of SU(3)F, the description of the D — PP modes needs 18 RME (neglecting the contribution of
the penguin operators, 3), while the decay channels are 17. In [23] the authors show that only 13
RME:s are independent and so the (real) free parameters in this approach (they are 25) can be fixed

3We are considering just the octect, if we want to consider also the 1) and 1’ we should take into account another
singlet, in our approximation we should assume 1 = ng.

4We are neglecting the part of the Hamiltonian transforming as 3 because it is proportional to the Cabibbo-
Kobayashy-Maskawa terms V., V. The inclusion of this term add two new RME.
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by a fit to the 17 experimental branching ratios, 8 CP direct asymmetries and the data on the strong
phase, Okz. In this framework, all the available experimental data have been used to fix the free
parameters and one cannot give any prediction. However, the compatibility with the experimental
data is useful to assess the validity of the theoretical approach.

3. The topological amplitudes approach and SU (3)r

As we have seen in the previous section, the linear breaking of SU(3)r can be consistently
included into the analysis of the amplitudes at the cost of a number of real parameters larger than
the number of the branching ratios. An alternative way to study these decay modes involves topo-
logical amplitudes which are characterized by the flavour flow in the decays [25, 26, 27, 28]. In
[29] the D — PP modes are studied by combining topological amplitude approach and SU(3)r
assumptions. It is shown that a map can be constructed between the topological amplitudes and
the reduced amplitudes characterized by SU (3)F representation. This map can accommodate also
the linear corrections to SU(3)r symmetry due to my % m, 4. Moreover, to reduce the number of
free parameters, the Tree (7") and Annihilation (A) amplitudes are evaluated in the factorization as-
sumption by considering and fitting 1/N? corrections to them. Here the constraints on the strength
of 1/N, corrections and on the maximal size of linear SU(3)r breaking allow to fix the 27 free
parameters by fitting 16 measured branching ratios and one strong phase.

Concerning the calculation and the capability to predict CP asymmetries in this approach, we
should remember that the CP violating part of the decay amplitudes are suppressed and so any
procedure which consists in fitting branching ratios cannot determine them. Furthermore, once
identified the topological amplitudes contributing to the decay amplitudes, one can construct sum
rules of direct CP asymmetries in such a way a cancellation between the unknown amplitudes
occurs. In [30] the unknown penguin (P) and penguin annihilation (PA) topological amplitudes
disappear by conveniently combine the following CP asymmetries

sum rule 1: acp(D° — nt77), acp(D° — 7°7°) and acp(D® — KK ™),
sum rule 2: acp(D* — K*K°), acp(Dy — K°7*) and acp(D; — K+ 70),

a numerical analysis of the correlation between two asymmetries starting from the experimental
data on the last one is done in [30].

4. A pure topological approach to the D — PP modes

In ref. [31] the analisys of the SCS decay modes and the corresponding CP direct asymmetries
are studied by the use of the topological amplitudes approach [25, 26, 27, 28]. Possible contributing
diagrams can be found in Figure 1.

The SU(3)r symmetry breaking effects has been considered by introducing five parameters
depending on the final state. Amplitudes and SU(3) breaking parameters are fixed by fitting SCS
decay modes of D and Dy mesons and the related CP asymmetries. The final states with 11 and n’
has been taken into account. We refer to the article for a detailed discussion on the fit procedure.
However, by putting some constraints on the parameters as suggested by the result of the analysis on
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()T ®C (e) E (A

(c) P, PSy (d) S, Pew (9) PE, PEpw (h) PA, PAgpw

Figure 1: All the possible, non negligible, flavor diagrams: (a) color allowed tree, T'; (b) color-suppressed
tree C; (c) QCD-penguin P; (d) QCD-penguin singlet S; (e) Exchange E; (f) Annihilation A; (g) QCD-
penguin exchange PE; (h) QCD-penguin annihilation PA.

the CF in Ref. [32], in their fit case II [31] they have a smaller number of free parameters (respect
to the experimental data) and so they are able to give predictions for direct CP asymmetries

acp(D° = wtn™) = +3.3x 1074,
acp(D° - KTK™) = =7.3x 1074,
acp(D° — K°K®) = —5.8 x 1074,
acp(D° — 1) = —4.7x 1074,
acp(D° — n°n') = —3.3x 1074, 4.1)

which are compatible with the most recent experimental data [22, 33]

5. Factorization and Final state interactions

The naive factorization has been shown that is unable to reproduce the experimental data
on the decays of D and D; mesons into final states with two mesons. Moreover, an important
role in this kind of processes is played by the FSI. In the paper [34] the FSI in the decay of D
mesons into two pseudoscalar mesons have been studied by assuming, as in [20], that FSI effects
are dominated by resonances close to the mass of D mesons. Resonances with isospin 0, 1 and 1/2
near the D mass exist and them may contribute to rescatterings among different channels in these
respective isospin states and enhance/suppress some of the decay rates. A modified factorization
approximation is assumed which is similar to the QCD-factorization in two body decays of B
meson [4]. In this case the non factorizable terms are parameterized in the Wilson coefficient and
are considered free parameters and fixed by a fit to experimental branching ratios. In [34] the W-
exchange and W-annihilation contributions are taken into account and their strengths are obtained
from phenomenological fits to the data. The agreement with the available experimental data is quite
good (cfr Tables IV, V and VI in ref [34]) but the data on the branching ratios cannot constraint
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the penguin operators contributions and so it is not possible to give predictions on the direct CP
asymmetries in these channels.

However, it is interesting to test the validity of this approach by considering a more general
treatment based on SU(3)r. In [35, 36, 37], by taking into account high-order perturbation ex-
pansion in SU(3)r breaking has been shown by Gronau that some relations between amplitudes
receive contributions which are suppressed by powers of U-spin and Isospin breaking parameters.
In particular, a class of D decays related by U-spin symmetry has been identified and relations
between their amplitudes are constructed in such a way symmetry breaking terms modify them at
fourth order in U-spin and at first order in isospin breaking and second order in U-spin breaking.
In fact, if we consider the ratios

Rl — |A(D® — K*77))|

"7 JAMDY = otk )[tan? 6c
Ry = |A(D® — KTK7)|

T JADY = )]

R |JA(D® — K*K™)| +|A(D° — ntz)|

> 7 JA(DY = 7K )[tan B¢ + |A(DY — K+~ )[tan~! 6’

A(D® — K+K)||A(D® — 7~

Ry = JA( )IA( )| 5.1)

|A(D° — n+K-)||JA(DY — Ktz—)|’

it is possible to show that the R; are not mutually independent and that they obey the following

e [T lR /(R 4 1P
R4‘R3\/ (R D/R 1P 2

In the limit of SU(3)r R; = 1 and AR defined by

2 2
ARER3—R4+é [<\/2R1—1—1> - (\/21?2—1—1) } = O(eh )+ 05,62, 82), (5.3)

identity

is different from zero by terms of the order & (&}, &) and & (8,€?, 5,€3), where €; and §; are U-spin
and Isospin breaking terms, respectively. In the case of the results obtained in [34] they have

AR = —0.000013 £0.006. 54

6. FSI phases as main sources of SU (3)r breaking

In ref [20, 38] large phase differences are obtained by fitting experimental data in the factor-
ization improved approximation for the D meson decays into PS, PP and PV final state. In this
approach the large SU(3)F violation are essentially consequences of the large phases. Following
the same line of thinking, in [39] we have studied the SCS decays of D mesons into a pair of pseu-
doscalar mesons by assuming an exact SU(3)r symmetry for the decay amplitudes. The effective
hamiltonian for |AC| = 1 and AS = 0 transforms as a triplet and so is responsible of the transition
of the D° (which is an U-spin singlet) into two different U-spin triplets. The first one is part of
the octet representation of SU(3)r the second is in the 27 representation. Thus there are two free
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parameters to be fixed. Concerning the phases, they are related with the Isospin of the final state,
and so we have 0; which is related to the state with / = 1 in the octet, and &, §) and ¢ which are
related to the I = 0 in the octet and in the singlet representations; ¢ represents the mixing angle. In
conclusion, in this approach there are six different free parameters to describe the D° SCS decays
and we have shown that a good fit to the data can be obtained [39].

In ref. [40] we are extending the previous approach by considering also the Dt and Dy SCS
modes and all the Cabibbo Favoured (CF) and the Double Cabibbo Suppressed (DCS) decay
modes. The SU(3)r violation in the CF and DCS decay modes of D° cannot be ascribed only
to the strong phase which, in analogy to the previous ones, we called 8 ;. Thus, we have in-
troduced a free parameter, K, taking into account, in the amplitudes, the non-conservation of the
strangeness violating SU(3)r currents. Moreover, the SU(3)r symmetry require the introduction
of two new parameters. At the end this approach contains eleven free parameters to describe D
meson decays into two pseudoscalar mesons without the 17 and 1’ in the final state. Preliminary
result of the fit to the experimental branching ratios can be found in the Table 1.

Channel Fit (x1073) | Exp. (x1073)
CF

BR(D" — nKs) | 1572 +041 | 153+£0.6
BR(D* — ntKy) | 1434 +£037 | 146 +0.5
BR(D® — n*K~) | 39.31£0.40 | 393+04
BR(D° — n°Kg) | 11.94+0.33 12.0+ 0.4
BR(D? — 7n%K;) 9.39+0.27 | 10.0+0.7
BR(Df — K*Ks) | 150+ 0.5 150 +0.5
SCS

BR(D" - ntx~) | 1424003 | 1.42140.025
BR(D{ — n°z% | 0.83+£0.04 | 0.826+0.035
BR(D* — ntn%) | 1224006 | 1.24+0.06
BR(D® — K*K~) | 4.024+0.06 | 4.01+0.07
BR(D® — KsKs) | 0.17+0.04 | 0.18 & 0.04
BR(D" — K*Ks) | 2.894+0.12 | 295+0.15
BR(D} — n°K*) | 1.034+0.04 | 0.63 £0.21
BR(Df — n*Ks) | 1.24+0.06 | 1.22+0.06
DCS

BR(D' — n°K*) | 0.155 4 0.005 | 0.189 + 0.025
BR(D® — 7~ K*) | 0.140 & 0.003 | 0.1399 + 0.0027

Table 1: In the second column the branching ratios used in the fit, in the last column the predictions for the
values obtained for the fitted values of the parameters.

The test suggested by Gronau [37] gives, for this model, AR = 0.0030 + 0.0004 (cfr. eq. (5.3)).
The CP violating part of the amplitudes, in this approach, depend essentially on two unknown

parameters that cannot be determined by the branching ratios. However, they can be extracted from

the experimental data on Aacp and so predictions of CP asymmetries for final state with kaons and
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pions can be done [40].

7. acp(DO — KsKs)

The decay mode D° — K°KY is interesting because, as was pointed out many years ago in
[20], the tree level amplitude A(D® — K°K?) vanish in the limit of SU(3)r but this is not true if
we look at the penguin contributions. The fact that the ratio of the penguin to the tree amplitude
could be large implies that the CP asymmetry (cfr eq. (1.2)) may be enhanced at observable level
[41]. The penguin annihilation term and the exchange contribution (relevant for the calculation)
are estimated by a perturbative approach and by using the results of a fit to all D decays in two
pseudoscalar mesons, respectively. They give [41]

lacp(D° — KsKs)| < 1.1%  (95% C.L.). (7.1)

In a previous analysis [42] the upper bound

2’Vcbvub‘ N

D’ — KgKs)| <
|ace( sKs)| S €| VesVius|

0.6%, (71.2)
is obtained which is in fairly good agreement with eq. (7.1). Here, € is a measure of the SU(3)r
breaking. Finally, by assuming similar magnitude for two different matrix elements in [23] the
relation 3

‘aCP(DO — KSKS)‘ SJ EAaCP (73)
has been given. However, this prediction cannot be considered reliable because, as stressed in [41],
acp (DO — KsKjs) and Aacp involve different topological amplitudes.

From the experimental point of view, we have the following measurements

acp(D° — KsKs) = (—23+19)%, CLEO (2001)[43]
acp(D° — KsKs) = (—2.945.2+2.2)%, LHCb(2015)[44]
acp(D° — KsKs) = (—0.24+1.53+0.17)% Belle (2016)[45] (7.4)

and so the asymmetry is compatible with zero.

8. Summary

We have reviewed approaches to study the nonleptonic decays of D and Ds mesons into two
pseudoscalar mesons. We have seen that the use of the SU(3)r symmetry alone, even if it allows a
consistent description of the branching ratios when symmetry breaking is considered, cannot give
predictions on the CP asymmetries, due to the large number of RME. However, physical consider-
ations and/or some other approximations (like, for example, improved factorization) can, together
with a model to take into account FSI, give not only a good description of the measured branching
fractions but also reliable predictions on CP asymmetries.

Acknowledgments: 1t is a pleasure to thank F. Buccella, E. Franco, M. Lusignoli, A. Paul, A.
Pugliese and L. Silvestrini for collaboration and discussions. Many thanks also to A. Carbone for
discussions.
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