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1. Introduction

The charm sector offers a unique system for testing the Standard Model of particle physics (SM),
see Ref. [1] for a recent review. The peculiarities of charm are twofold. On the one hand, achieving
precise theoretical predictions for charm observables is currently very challenging. This follows
from the value of the charm quark mass which lies at the boundary between the heavy and the light
quark regimes, such that the typical theoretical methods employed for the study of heavy hadrons
might be less suitable or even inapplicable for the description of charmed systems. The behaviour
of both the perturbative and power expansions becomes, in fact, a priori questionable as

Aqcp
me

as(me) ~0.35,

~0.30. ey

On the other hand, charmed hadrons provide essential complementary information with respect
to kaon- and b-physics, constituting, for instance, the only system to study meson-mixing in the
up-quark sector. Additionally, the sensitivity to potential new physics (NP) contributions is high
for charm observables, as pronounced cancellations often affect their SM predictions. The latter
follow from the Glashow-Iliopoulos-Maiani (GIM) mechanism due to myp, mg, mg < my, as well
as from the size of the relevant elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix i.e.
Ag = VC*unq, namely

Ag=-0.21874+2.51 x 107, A, =0.21890 + 0.13 x 1074, 2)
Ap=63%x107 —1.4%x 1074 (3)

In particular, having A, the biggest relative imaginary part but being much smaller in magnitude
compared to 14 ¢, the amount of CP violation in the charm sector is expected to be small in the SM.
Testing this result against the experimental data, although theoretically difficult, is clearly a task of
primary importance in order to strengthen the current understanding of the SM and search for NP.

2. Experimental status of CP violation in charm

The observation of CP violation in the charm sector was made in 2019 by the LHCb Collabo-
ration [2], by measuring the difference of the time-integrated CP asymmetries in the D® — K*K~
and D° — 77~ modes, that is AAcp = Acp(K*K™) — Acp(ntn™). The corresponding difference
of the direct CP asymmetries in the above channels turned out to be

Aagi{,|exp =(-15.7+2.9)x107%. 4)
Recently, also a measurement of the CP asymmetry in D° — K*K~ was published by the LHCb
Collaboration [3], which yields, when combined with the result in Eq. (4), the following values for

the direct CP asymmetries in the two individual modes, namely

al (KK, = (17£57)x 1074, a(z*nar)| =(232+6.1)x10™*.  (5)

exp exp

While the result for adcilr,(ﬂ+7r_) provides the first evidence for CP violation in a specific D-meson
decay, a clear theoretical interpretation of the measurements in Egs. (4), (5) is currently still missing,
particularly as the values of the individual CP asymmetries in Eq. (5) would imply a surprisingly
large breaking of the U-spin symmetry [4].
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3. Theoretical status of CP violation in charm

Exclusive hadronic decays of charmed hadrons pose significant challenges for robust theoretical

predictions and although several studies have been carried out in the literature, no unanimous
dir
CP
about an order of magnitude

conclusion has yet been reached on the origin of the experimental value of Aa
di

cp

smaller than the one in Eq. (4). This result was confirmed in Refs. [6, 7] using the framework of

Naive estimates, see e.g. Ref. [5], point towards a value of Aa

light-cone sum rule (LCSR) [8], and analogous conclusions were also obtained in a recent study of
final state interactions [9]. Consequently, following these findings, several investigations of possible
NP scenarios have been triggered in the effort to accommodate the experimental data [10].
Furthermore, also SM interpretations of the experimental value of AAcp have been advanced. These
include analyses based on U-spin relations, see e.g. Ref. [11], as well as studies of rescattering
contributions [12] and of final state interactions [13]. In particular, in Ref. [12], the possibility that
nearby resonances, like the fy(1710) or f(1790), could lead to a large enhancement of the SM
value of AAcp, was pointed out. No sign of this effect, however, has been observed in the analysis
of Ref. [9], and the latter work also indicated some inconsistencies in Ref. [13]. Finally, approaches
based on topological diagram analyses have also been employed [14], although these often rely on
qualitative studies and do not provide a first principle determination.

4. Theory of the decays D* - n*n~ and D° —» K*K~

Using the unitarity of the CKM matrix A4 + A5 + A = 0, the amplitudes for the non-leptonic
decays D° — n*n~ and D° — K*K~ can be recast in the form [6]

/l Vw3

AD° = 1*17) = Ay Arn [1 . izm] , (©6)
D

AD® = K*K™) = A, Axx [1- 22 Pk , )
As Akk

by singling out, respectively, the contribution due to the CKM dominant combination A4 ¢ from
that of the strongly suppressed factor A, with the definitions

Arn = (x*77|0|D°) — (n*n~|0%| DY), (8)
Axx = (K*K~|0°|D°) — (K*K~|04|DY), )

and
Prr = (*77|0°IDYY,  Pgx = (KK~ |0¢|D°. (10)

InEgs. (8)- (10), the notation O = —(Gp /V2) ¥,=1 , C;0? isused, where O7 = (§'T,,c*) (@/THg7)
and O = (§'Tuc’)(@'THq"), with ¢ = d, s, denote the current-current operators in the weak
effective Hamiltonian describing the charm-quark transitions ¢ — ggu [15], and C; 5 are the cor-
responding Wilson coefficients. The leading CKM amplitudes A, Ak k in Eqgs. (6), (7) receive
contributions from color-allowed tree-level, exchange and penguin topologies, whereas only the
penguin topology can contribute to P, Pk k, cf. Fig. 1.
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Figure 1: Examples of tree-level (a), exchange (b) and penguin (c) topologies contributing to Ak g . Example
of penguin topology contributing to Pk k (d). The corresponding diagrams for A, and £, can be obtained
replacing K — 7, s & d.

Considering for simplicity only the decay D® — K*K~, the corresponding branching fraction reads

2
Ap P
B(D® - K*K) o< |4, P| Ak |1 - 22 =2 (1)
As Akk
up to phase-space and normalisation factors. Similarly, the direct CP asymmetry, defined as
—0 -
gir oy _ L(D° = f)-T(D" = f)
alis(f) = — (12)
(DY — f)+I(D" — f)
becomes
pl P
2 /l_b siny‘ﬂKK sin g x
alt(K*K™) = - : ER . 2 (13)
1—2/l—bcosy K cosq§KK+/E PK—K
As KK As| |Akk

where we have defined the strong phase difference ¢xx = arg (Pkx /Akk ), and introduced the
angle y = —arg(d,/4s). Analogous expressions can be straightforwardly obtained for the mode
D° — n*n~ by replacing KK — niw, 1y — A4 and siny — —siny in Egs. (11), (13).

Taking into account the large hierarchy A5/44,s < 1, it follows that the amplitudes A, Axk
give the dominant contribution to the branching fractions, i.e.

B(D® = 177) ~ M| Arxl?,  BD® = K'K7) ~ [P Ak |?, (14)
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whereas the direct CP asymmetries are driven only by the ratio of the penguin over the CKM leading
amplitudes, that is

A P Ap P
adcllﬂ(f'ﬂ_) ~ 2’—b siny‘ T \singrr, dlr(K+K )~ =2 |— y‘ KK singxk .
/ld T /ls A K
(15)

Finally, the above results, together with |14| =~ |1s/|, yield the following expression for the difference
of direct CP asymmetries Aas, namely

Aadt ~ 2|22 Ap sinvy s1n¢1<1< + sin ¢ (16)

CP /l ﬂ ﬂﬂﬂ o

5. Determination of Aaly, within LCSR

A first computation of the penguin amplitudes £, ., Pk x was performed in Ref. [6] using the
framework of LCSR with, respectively, pion and kaon light-cone distribution amplitudes (LCDAs),
and following previous studies for the B — niwr decay [16]. The values of | A, | and | Ak k | needed
to determine the direct CP asymmetries were instead extracted, taking into account the relations in
Eq. (14), from the precise experimental data on the branching ratios [17]

B(D® — w*1)|,, = (1454 +0.024) x 1072, a7

B(D° — K*K7)|,. = (4.08 £0.06) x 107> (18)

exp

The authors of Ref. [6] obtained the following SM bound for the difference of CP asymmetries
|Aadtsp < 2.3 x 1074, (19)

which is about a factor of 6 lower than the experimental value in Eq. (4). Recently, a study of the
leading decay amplitudes A, ., Axg has been performed in Ref. [7], where the corresponding
tree-level matrix elements have also been determined using LCSR with pion and kaon LCDAs, see
also Ref. [18] for more details on the general framework. Specifically, from naive power counting,
Egs. (8), (9) can be expressed as

Az = (*7710IDY)| +O(as) +O(1/mo), 0)
Axx = (K*KO°ID")| +O(as) +O(1/mc). @D

retaining the dominant contribution due to the tree-level amplitude and neglecting sub-leading
diagrams due to both hard and soft QCD corrections. In this approximation it follows that

GF C2 d
Appn=———=|C1 + — O7|D , 22
& \/z(l 3)<7T | 1| tree ( )
Gr G + - 0
Axx ~ ——L 1+ 2| (k*K|0%|D ’ . 23
KK \/E( 1+3)< | 1| )tree (23)
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A first estimate of the matrix elements in Egs. (22), (23) can be derived using the naive QCD
factorisation approximation, which, surprisingly, already yields values for the branching fractions
in very good agreement with the experimental data [7]. Furthermore, the computation of the
tree-level matrix elements within the framework of LCSR gives [7]

B > 7 17)|, o = (1:40°152) x 1073, (24)
B = KK e = (36735 x 107, (25)

where the central values again agree very well with the data, however, the uncertainties are large and
mostly follow from a conservative treatment of missing contributions. Importantly, these results
do not indicate any sign of potential large enhancement due to subleading topologies. On the other
hand, in the ratio of branching fractions many theoretical uncertainties cancel, leading, after taking
into account correlations due to common inputs, to the significantly more precise prediction

B(D° - K*K")
B(D° - ntx7)

= 2.63*0351 (26)
LCSR

which perfectly reproduces the observed size of SU(3)r breaking in the two modes, namely

B(D" > K*K")
B(D° - ntrn7)

=2.81+0.06. 27)

exp

Combining the LCSR results for the penguin and tree-level amplitudes, as computed in Ref. [6] and
Ref. [7], respectively, then yields the following value for the ratio of the two direct CP asymmetries
defined in Eq. (15), i.e.
dir + =
acp(K'K
% = -0.65+0.10, (28)
acp(T7) | csr

where we have used the estimates of the strong phases as obtained in Ref. [6], since the sensitivity
to potential missing contributions not yet accounted in the LCSR result is expected to be softened
in the ratio sin ¢x x /sin ¢ . The value in Eq. (28) is well consistent with -1, the result that would
be obtained in the limit of exact U-spin symmetry, and must be compared with the corresponding
experimental ratio
dir ¢ pr+ -~
oKD 330035 (29)

exp

di -
agp(ntn”)

Finally, allowing for arbitrary strong phase differences, that is varying both sin ¢ ., and sin ¢x g
dir

from -1 to 1, the bound on AaCP

obtained entirely using LCSR, reads [7]
|Aadt]icsr < 2.4 %1074, (30)

in perfect agreement with the result in Eq. (19), and again about a factor of 6 lower than the
corresponding measurement.
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6. Conclusion

We have briefly described the current experimental and theoretical status of charm CP violation
and discussed recent progress obtained in the study of the hadronic decays D — K*K~ and
D° — n*n~ using the framework of LCSR. In particular, we have shown that first steps towards
a description of the corresponding branching fractions using this method yields very promising
results !, and that LCSR leads to a bound on the value of Aadci]rD in the SM which is about a factor
of 6 lower than the experimental data.
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