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1 Introduction

Rare semileptonic and radiative charm decays are sensitive to the flavor sector in and
beyond the standard model [1]. They are accessible to precision study at the LHC [2],
the Belle II [3], and BES III experiments [4], and complement searches in beauty and
kaon decays. Disentangling resonance contributions from those of BSM physics is key, and
particularly challenging in charm as the charm quark mass is not as well separated from the
QCD scale as the b-quark mass, and branching ratios are often dominated by resonances
on and off peak. A well-known workaround strategy is to use null tests, that is, observables
designed to have an unmeasurably small or otherwise controlled SM background, due to
protection by approximate symmetries of the SM [5-7]. On the other hand, the D-system
is advantageous as many partner modes exist which are linked by swapping light quarks,
or flavor symmetry. A combined analysis of these partner modes allows therefore to gain



insights into the resonance dynamics and new physics simultaneously, as shown for instance
for radiative decays in [8, 9].

In this regard, radiative three-body D-decays turn out to be a useful laboratory to
explore QCD dynamics and to test the SM. Here we consider, in total ten, Cabibbo-
favored (CF), singly Cabibbo-suppressed (SCS), and doubly Cabibbo-suppressed (DCS)
decays of DT and D, mesons

CF: Dy—rtr%, Dy,—KTK'y, Dt 5 Ky, (D°—r'K’y, D’ —atK )
SCs: Dt sataly, Dy—atK%, D,— Ktnly,
Dt KtK’y, (D" s atn™y, D°—KTK )

DCS: Dt —»atK%, Dt Ktr'%, D,— KTK% (1.1)

The D decays given in parentheses are covered in [10]. The modes Dt — KtK Oy and
Dy — 7T+FO"}/ are |As| = 2 processes and are not induced by dimension 6 operators, and not
considered in this works. Three-body radiative D decays have been investigated previously
in [11, 12].

As in [10] we work out decay amplitudes in different QCD frameworks: leading order
QCD factorization (QCDF), heavy hadron chiral perturbation theory (HHxPT) and the
soft photon approximation, each of which is expected to hold in specific regions of phase
space. We show that the forward-backward asymmetry efficiently disentangles different
resonance contributions and therefore probes the QCD frameworks. These tests can be
performed with SM-like modes, the CF and DCS ones from (1.1), and assist NP searches
in the SCS ones.

This paper is organized as follows: in section 2 we give the kinematics and observables
for D(t) — P PY~v decays, the weak effective low energy Lagrangian and briefly review
QCD frameworks. We also present the weak annihilation contribution in QCDF. Analytical
results in HHYPT are presented in appendix A. SM predictions are shown in section 3.
We work out predictions with BSM physics in section 4. In section 5 we summarize. In
appendix A we provide HHyPT-amplitudes and Feynman diagrams for CF, SCS and DCS
modes, and a list of differences we found with previous works [11] on Dt — 7K v in
appendix B.

2 Generalities

2.1 Kinematics and observables

The double differential decay rate of the radiative three-body decay Dz;)(P) — P (;m)
PY(p2)y(k, €*) can be written as [10]

d’T A2+ |AL|?
dsdt — 128(2m)3m3,
2 4

X [m%(t —m3)(s —m%) —mams — st(s +t —m>) +m3(st + (s +t)m% — m}l))] ,
(2.1)




where the parity-even (A4) and parity-odd (LA_) contributions are defined by the general
Lorentz decomposition of the decay amplitude

A(DE) = PEPYy) = A () [(p1-F) (p2- €)= (p2- k) (p1- €)] + Ay (5, )" erp1apaghsy
(2.2)
The subscript 1 (2) of four-momenta and masses refer to the charged (neutral) final state
mesons P;" (PY). Furthermore, s = (p1 + p2)?, t = (p2 + k)? and u = (p1 + k)? =
m2D +m? 4+ m2 — s —t. We employ mp for both the Dt and the D, mass and specify
the spectator quark only when needed. The polarization vector and four-momentum of the
photon is denoted by € and k, respectively.

The three-body decay allows to define a forward-backward asymmetry [10]

to d2F f'tmax dt d2F

St M5 dsdi
App(s) = %0 ds2r +ftmax i 2T

tmin W st dsdt
A (m% — m?2 + m3)? B (\/(s—m%—km%)Q _md+ m%—s)2 7
4s 4s 2¢/s (2.3)
L W(s—m%mgﬂ i m%—s)2 ,
4s 4s 2\/s

to = % (—32 + s(m¥% +m? +m3) +mhH(m3 — m%)) ,
where the first (second) term in the numerator corresponds to 0 < cos(f2,) < 1 (-1 <
cos(f2,) < 0). Here, o, is the angle between PY and the photon in the P;” — PY center-
of-mass frame. If the forward-backward asymmetry would be defined in terms of cos(f1,),
one would obtain an additional minus sign in the definition of Apg. The App turns out
to be suitable to distinguish resonance contributions in the s-channel (in P;"PY), versus
t,u-channel ones (in P; 2) in the decay amplitudes.

The most promissing observable to test for BSM physics is the single- or double-
differential CP asymmetry defined as respectively, by

1 d’T  d°T
Acp(s /thCP s,t), Acp(s,t) = Ay <d8dt — det) . (2.4)

Here, T refers to the decay rate of the CP-conjugated mode.

2.2 Weak effective Lagrangian

The effective weak Lagrangian for ¢ — usy processes can be written as [13]

4 2 , 6 8
Lo = \C/%F ( Yo VaVar Y CiOl(qvq ) 4+ > Ci0i+ > (CiO; + C{O{)) 7 (2.5)

0,4 €{d,s} i=1 =3 =7



where G is Fermi’s constant and V;; are elements of the Cabibbo-Kobayashi-Maskawa,
(CKM) matrix. For the purpose of this work only the operators

O ") = (@ Iqp) @ " T er) . O = (@Lvudr) @"ew) | (2.6)
eme , eme .
O7 = 1671'(; (uLU“VCR) Fl“’? 0/7 167['02 (’U,RU/WCL) FIW
are relevant. Here, the subscripts L(R) denote left-(right-)handed quark fields, 7% are
generators of SU(3) normalized to Tr{7T%T%} = §%°/2 and F,, is the photon field strength
tensor, respectively. For p. € [mc /V2, ﬁmc}, the leading order Wilson coefficients of the

(9,9")

four quark operators Oy’

are given by [13]
Cy €[-1.28,-0.83],  Cy € [1.14,1.06]. (2.7)

Within the SM, C’él) g can be neglected due to the efficient GIM cancellation. However, we

also consider BSM contributions to C’() in section 4.

2.3 QCD frameworks for DE';) — P1+ onfy decays

In the following we use QCDF, Low’s Theorem and HHYPT as QCD frameworks. We
refrain from a detailed introduction of the individual models at this point. Instead, we refer
to the literature cited below, as well as ref. [10], where further information on kinematics,
the models and our notation is provided.

The leading weak annihilation contribution (O(a2(Aqcp/me)!)) can be determined
with QCDF methods [14-16] as

Gpe o Qd P+ pY
AV O, Dl sy B )
V2 /\D(S (k) i (@) 08
Gre Qq p+po ’
WA _ YF 5) Z
AL = \fcz)\Dm(U k) cas) Vuaf(g) " (5)-

qe{d s}

Here, Qg is the electric charge of the down-type quarks and A D) is a non perturbative
parameter of O(Aqcp) which is poorly known. Furthermore, v* = P*/mp is the four-
velocity of the DZ;) meson. Note that unlike the decays of the neutral D meson, the

amplitudes (2.8) do not depend on the color-suppressed combination of the Wilson co-

0
efficients [10, 13]. Therefore, the scale uncertainty is significantly smaller. For f(P P

we use the electromagnetic pion and kaon form factors [17], form factors extracted from
77 = v, Kgn~ decays [18] and isospin relations

FEy™ (s) = —V2F™(s)

PR (5) = 2P0 s),

1) = 157 (s). 29
FE (5) = = £E7 ()



Detailed information on the form factors can also be found in appendix B1 of [10]. Note
that QCDF is only applicable for small invariant masses s < 1.5GeV? of the hadronic
system in the final state. We remark that there are no weak annihilation contributions for
Dt — 7r+fo'y and Dy — KTK%.
Low’s theorem [19] relates the bremsstrahlungsamplitude of the radiative three-body
decays to the amplitudes of the hadronic two-body decays
Alow — _ AW > KR . Ak =g, (2.10)
(p1-k)(P k)

This approach is valid for soft photons with an energy below m?ﬁ /Ep+ [20] and thus
1 1

describes the opposite part of the phase space compared to QCDF. We don’t rely on a
theory prediction for A(DZ;) — P;"PY), but extract the modulus from data on branching
ratios [21]. We obtain

AD* =7t 70)| = (27420.04) 1077 GeV,  |A(Dy > 777%)| <211:1077 GeV,

ADt =7t K% <4.70-10 8 GeV, ]A (Dy — 7+ K9 = (5.75£0.12)-10 77 GeV,
ADT— Kt7%)| = (1.16+0.06)-10"7 GeV, ]AD — KT7%)| = (2.940.5)-1077 GeV,
\A(D+ — KTE")| = (6.6240.10)-1077 GeV,, ‘A D, — KTK")| = (2.10£0.05)- 106 GeV,

)| = )

<5.36-107%GeV.
(2.11)

ADT =K’

(1.396+0.014)-107°GeV | A(D, — K+ K"

Note that there is only an upper limit on the Dy — 770 branching ratio. We remark that
it turns out that HHxPT implies an amplitude about two orders of magnitude smaller.
Moreover, in the isospin limit, the amplitude vanishes. Furthermore, for the decays into
neutral kaons, only the branching ratio of Dy — K +K" is measured. We extract the
corresponding amplitudes for the remaining decays from data for final states with Kg and
K. This procedure leads to huge uncertainties for the DCS decays. Therefore, we only give
upper limits for these amplitudes. All upper limits refer to a 90% confidence level. As it is
sizable we explicitly take the uncertainty of the D, — K+7¥ amplitude in our numerical
analysis into account, but neglect the uncertainties in (2.11) from the other decay channels.

Furthermore, we employ HHYPT [22-24] extended by light vector resonances [25]. The
parity-even and parity-odd amplitudes are given in terms of form factors Az(»q’q/), Bi(q’q/),
Dl(q,q’) and Ei(q,q’)

AI:IHxPT:Ci?G Z ViV [( (13 )ZAqq)+ C’ZE“)]

q,q9'€{d,s}

AHHXPT fo Z ‘/szuq’ [( 9 — éCl) Z B + Cl ZD ‘|

q,9'€{d,s}

(2.12)

In appendix A the corresponding diagrams are shown in figure 10 to 20 and the non-
zero contributions to the form factors are listed. We consider the masses of the light
pseudoscalars only in phase space and in their propagators. Otherwise we neglect them in



the form factors. To enforce Low’s theorem, we remove the bremsstrahlung contributions
Ai 23 and 2 in (2.12) and add (2.10) while using the strong and weak phases predicted by
HHxPT. For the diagrams Ag 1, the contributions of longitudinal polarization of the D?;) —
V*V9 subdiagram have to be removed in order to obtain a gauge invariant amplitude [26].

3 SM predictions

In this section we compare SM predictions for the branching ratios (section 3.1) and
forward-backward asymmetries (section 3.2) of the QCD frameworks given in section 2.3.
SM CP asymmetries are discussed in section 3.3.

3.1 Branching ratios

The Dalitz plots in figure 1 illustrate the SM predictions based on HHPT. The bands in s,
t and u, which are generated by the intermediate p, w and K* resonances, are particularly
distinctive. Furthermore, the significant bremsstrahlung effects can be seen for large s.
For the decays D(t,) — K+F07 Dt — 7T+?O’y and Dy, — KTK%y, a preference of the
u-channel resonance over the ¢t-channel resonance is observed. This is due to constructive
interference of the u-channel contributions from the form factors B and D, while the ¢-
channel contributions interfere destructively.

Figure 2 shows the differential branching ratios of all considered decay channels as a
function of s. For each decay, the predictions of QCDF (blue), HHYPT (green) and Low’s
Theorem (red) are illustrated. The width of the bands arise from the p. dependence of the
Wilson coefficients and the uncertainty on the D, — K70 amplitude.

The distinct resonance in the QCDF results is a consequence of the P;" — PY form
factors dominating the shape of the distributions. For the final state K™K+~ no resonance
peak can be identified, since the lowest p resonance is outside of the phase space. In
comparison, the s-channel resonances in the HHyPT predictions only result in a distinct
peak for the final state 77 Ky. The other decays are mostly dominated by the ¢- and
u-channel resonances in the range of small and intermediate values of s. In particular, the
contributions of the w resonances are large due to the significant wny coupling. For large
s, the bremsstrahlung is dominating and the results are approaching to those of Low’s
theorem due to the replacement of the model’s own bremsstrahlung contribution.

In table 1 and 2 we give the branching ratios for the SM-like decay modes. The QCDF
results only include the phase space up to s < 1.5GeV. For comparison, we show the
HHxPT branching ratios for this cut as well. Furthermore, we employ the phase space cut
E, > 0.1GeV to avoid the soft photon pole, where E, = (m% — s)/(2mp) is the photon

energy in the DE:) meson’s rest frame. QCDF leads to larger values for the decays Dy —

atnly, Df - K *F% and DT — 7t K%y as a result of the large s-channel contributions
and the small value of A Dys)- We note that the branching ratio of D} — K +?0’y is about
two orders of magnitude smaller than the one of D, — 7+ 7%y, although both decays are CF,
since the lightest p is not inside the phase space of D} — K +F0’y. Due to the missing ¢- and
u-channel resonances in QCDF and the large wmy coupling, HHyPT predicts larger branch-
ing ratios for DT — K*T7%. SM branching ratios for the SCS modes are given in table 3.
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Figure 1. Dalitz plots based on the SM HHYPT predictions for p. = m. and the mean value of
the D(;) — P;' P§ amplitude. The first, second and third columns show the CF, SCS and DCS

decay modes, respectively. Each row shows the same final state or the final state with K° <+ K.

Dy — 7tn0% | DY = at Ky | Dy — KTK 'y
QCDFY jqwe | (28-3.2)-1073 - (1.8-2.1)-107°
HHXPTY, [ | (11-15) 107 | (6.0-6.7) 107 | (2.5-3.2) - 107°
HHXPT|§EI\7/IZO.1 oy | (24-3.0)-1074 | (3.5-3.6) 107 | (1.5-2.0)- 1074

Table 1. Branching ratios for the CF decays. The branching ratios are given in the region
of applicability of QCDF s < 1.5GeV? for QCDF and HHYPT to enable a comparison of both

~

models. Additionally, HHyPT predictions are given for £, > 0.1 GeV, see text for details. The
QCDF branching ratios are obtained for Ap , = 0.1GeV and are o (0.1GeV/Ap )%
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Figure 2. Single differential branching ratios based on Low’s Theorem (red), HHXPT (green) and
QCDF (blue) within the SM. The darker shaded areas and lines correspond to the model’s region of
applicability. QCDF predictions are obtained for Ap , = 0.1 GeV and scale with (0.1 GeV/ )\D(S))Q.
The first, second and third columns show the CF, SCS and DCS decay modes, respectively. Each
row shows the same final state or the final state with K° ¢ K.

Dt — T K%

Dt — Kta%

D, — KTKO%

SM

s<1.5GeV?
SM

HHXPT|551.5 CeV?

SM
E,>0.1GeV

QCDF|

HHPT)|

(7.2-8.3) - 1076
(1.2-2.0) - 1077

(3.9-6.6) - 10~

(3.7-4.3) - 1076
(4.5-5.8) - 1076

(1.2-1.5) - 1075

(7-8)-107°

(4.3-4.7) - 1077

Table 2. As in table 1 but for the DCS decay modes.



3.2 Forward-backward asymmetry

Angular observables are also suitable for testing QCD models. Here we study Apgp(s) as
defined in (2.3). Within the SM, QCDF predicts App(s) = 0 since the amplitudes depend
only on s (and not on ¢,u). The SM forward-backward asymmetry based on HHYPT is
shown in figure 3. We illustrate App(s) without contributions from resonances (red), only
with individual resonances and the complete results (dark blue). The forward-backward
asymmetry is dominated by resonances in the region of small and intermediate s. The effect
of the w is particularly large as can be seen for the decays D — 7t 7% and Dé) — K70y,
The decay Ds — 7+ 7%y has no contribution from the w despite the 7¥ in the final state.
The effects of the p* and p° cancel almost exactly. Deviations from Apgp(s) = 0 originate
from the small difference in the p°7%y and pt#ty coupling and from the non-resonant
contributions. Since the s-channel resonances only generate dependencies on s, they can
significantly reduce the asymmetry at the (P1+ PY)1es peak for some decay channels. In
some cases, however, the interference term can even increase the asymmetry. There are
no s-channel resonances for DT — 77*?07 and D, — KTK%y. The corresponding plots
are therefore identical to the non-resonant case. For the decays DT — 7T+F0fy, D, —
K +foy, Dt — 7tn% and DT — 7t K% significant scale uncertainties arise for the
t-channel contribution due to the interference of the form factors B and D. Since the
t-channel resonances provide the only large contribution in the forward region for small
and intermediate s, this uncertainty is clearly visible in the plots. In the high s region, the
forward-backward asymmetry is dominated by the bremsstrahlung. Complementary to the
DY — P1+ P; ~y decays [10], the bremsstrahlung of the DE;) decays always results in a large
asymmetry, since one of the final state mesons is uncharged and thus cannot emit a photon.

3.3 SM CP asymmetries

Within the SM, QCDF at leading order implies a vanishing CP asymmetry since the WA
amplitude contains only one weak phase. On the other hand, HHxPT predicts non-zero
CP asymmetries for the SCS modes DT — K+F0*y, Dy, — K*7m% and D, — 7t K% as
shown in the Dalitz plots in figure 4. For the first two decays, it can be seen that there are
large cancellations when integrating over t. This leads to rather small single-differential
CP-asymmetries of |Acp(s)] < 1.8 -107° and |Agp(s)] < 4.5 1075, respectively. For
Dy — 1 K%, there are also cancellations between the t- and u-channel resonance. How-
ever, significantly larger values of |Acp(s)| < 2.5-107% can be seen at the (P} PY).es peak.
The SM CP asymmetry for D — 7 7%y vanishes in the isospin limit. The CP asymmtries
of the CF and DCS modes vanish as there is only one weak (CKM) phase involved.

4 BSM signatures

We study the impact of BSM physics for the SCS decays. We consider contributions of the
electromagnetic dipole operators

Gre m, v —ad)
APM = i =0 =2 (Cr + Cf)——
_ 2 7 ] y
G\/E:LWWL v (4.1)
ABSM — ZEC D (on — iy

V2 2m2?
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Figure 3. The SM forward backward asymmetry App(s) (2.3) as a function of s based on HHxPT.
Purely non-resonant contributions are shown by the red bands. The green, orange and light blue
bands contain additional contributions of a specific resonance channel. The dark blue bands rep-
resent the complete FB asymmetries. AP¥ (s) vanishes for the leading order QCDF contribution.
The first, second and third columns show the CF, SCS and DCS decay modes, respectively. Each
row shows the same final state or the final state with K° ¢ K.

Corresponding contributions within the SM can be neglected due to the strongly suppressed
Wilson coefficients. On the other hand, Cél) can reach O(0.1) values through BSM physics.
Model-independent analyses of D — p’y and D — mé¢ decays yield the constraints [6, 7, 27]

|C7],1C7] £ 0.3. (4.2)
The tensor current form factors o/, V', ¢ and A’ are defined in appendix A.

In the following we discuss the NP impact on branching ratios (section 4.1), the
forward-backward asymmetry (section 4.2) and the CP-asymmetry (section 4.3).
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Figure 4. Dalitz plot of Acp(s,t) for Dy — 7+ K% (upper right), D* — K+F0'y (lower left) and

D, — K+7% (lower right) based on HHYPT within the SM. We employed a cut s < 2GeV? to

avoid large bremsstrahlung contributions in the normalization. A8} (s,t) vanishes for D* — 770y

and is therefore not shown as the CP asymmetries of the CF and DCS modes.

4.1 BSM effects in the branching ratios

In figure 5 we show a comparison of SM predictions (blue) and different BSM scenarios
of the FCNC modes based on HHYPT. We set one of the BSM coefficients 07/) to zero
and exhaust the limit (4.2) of the other one. The CP-phases are set to 0,47/2, 7. The
differential branching ratios can be increased by one order of magnitude at the s-channel
peak. Asnoted previously, the decay Dy — K +K07 is an exception. Since the p' resonance
is outside of the phase space, the BSM contributions are negligibly small in the entire phase
space. For QCDF, the largest deviation between SM and BSM scenarios arise above the
s-channel peak. The deviations are below one order of magnitude for Ap = 0.1GeV. At
the s-channel peak, the deviations are significantly smaller. Especially for C% = 0, the
SM predictions and BSM scenarios hardly differ from each other. Since the deviations
between SM and BSM are not very large and sizable ¢- and u-channel contributions are to
be expected beyond the s-channel peak, which are not taken into account in leading order
QCDF, we do not show plots of differential branching ratios within QCDF. In table 3
we give (integrated) branching ratios within QCDF and HHxPT for the FCNC modes.
We employ the same phase space cuts as in table 1. We conclude that the (differential)
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Dt —7tr% | Dy—atK% | D,—K*r0y | DY - K+K 5
QCD1«“|§¥L5GeVZ (2.1-2.4)-107% | (0.9-1.1)-10~* | (5.0-5.8)-107® | (1.3-1.5)-10~°
HHXPTEZILS aev? | (1.0-2:2)-107° | (4.4-5.5)-107° | (0.3-1.4)-107° | (1.8-2.3)-107°
HHXPT@TZO_IGGV (3.0-5.4)-107° | (2.8-3.1)-107° | (1.0-4.3)-107° | (3.8-4.6)-107°
QCDF| 2 e | (1.2-4.0)-107* | (0.5-1.8)-107* | (2.7-9.5):107 | (0.5-3.1):107
HHXPT| 2 (e | (27-7.7)-1075 | (0.9-2.3)-107° | (0.5-2.3)-1075 | (1.6-3.1)-10~°
HHXPT|]§j“§01 oy | (0.5-1.3)-107% | (3.5-5.0)-1075 | (1.3-5.5)-107 | (3.7-5.0)-107

Table 3. Branching ratios for the BSM sensitive SCS decays in the SM (top entries) and with BSM
physics (lower entries). For the BSM branching ratios, we employed the same general scenarios as
for figure 5. The branching ratios are given in the region of applicability of QCDF s < 1.5 GeV?
for QCDF and HHYPT to enable a comparison of both models. Additionally, HHxPT predictions
are given for F, > 0.1 GeV, see text for details. The QCDF branching ratios are obtained for
Ap,, = 0.1GeV and are o (0.1GeV/Ap,,,)? in the SM.

branching ratios of SCS decays are affected by BSM physics, however, are not sufficiently
clean to unambiguously signal NP.

4.2 BSM effects in App
We investigate Apg based on HHYPT in figure 6 in the same BSM scenarios as those
(1
7

non-resonant contributions, there are only small forward-backward asymmetries for SM
QCDF contributions. For Ap = 0.1GeV, App(s) reach values of 0(1073) — O(1072).
For Ap,, = 0.3GeV, the SM contribution is significantly reduced, leading to larger asym-

considered in section 4.1. Since the dipole operators O~ induce a t-dependence only by

metries. These are typically in the range of O(1072), but can occasionally reach larger
values of |Apg(s)| < 0.15. The minor t-dependence of the BSM contributions can lead to a
significant suppression of the substantial SM asymmetries predicted by HHyPT. These are
considerably reduced, especially in the region of the s-channel resonance. This becomes
particularly evident in case of Dt — 7707,

Similarly to the decays of neutral D mesons, sizable effects of the dipole operators can
be seen for differential branching ratios and forward backward asymmetries [10]. However,
it is difficult to claim sensitivity to NP due to the uncertainties of the leading order calcu-
lation and the intrinsic uncertainty of the Breit-Wigner contributions. Nevertheless, these
observables are suitable for testing the various QCD models with SM-like decays and for
understanding the decay mechanisms. Due to the small CP-violating phases in the charm
sector of the SM, CP-asymmetries, discussed in the next section, have the best sensitivity
to NP.
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Figure 5. Differential branching ratios for several BSM scenarios based on HHYPT. We exhaust
the limit of one BSM coefficient (4.2) and set the other one to zero. We overlay distributions
obtained for CP-phases set to 0, +7/2 and 7.
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Figure 6. A comparison of SM and BSM FB asymmetries based on HHYPT. We show the same
BSM scenarios as for the branching ratios in figure 5.
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4.3 BSM CP violation

The most promissing observable to test BSM physics is the single- or double-differential
CP asymmetry defined in (2.4). Note that we perform a cut s < 2GeV? for HHYPT to
avoid large bremsstrahlung contributions in the normalization. For QCDF, we include the
contributions with s < 1.5 GeV?2.

Considering possible BSM contributions in the electromagnetic dipole operator, all
FCNC decay modes can exhibit sizable CP-asymmetries. In figure 7 we show Acp(s) for
different BSM scenarios. We set one of the BSM coefficients to zero and the other one
to 0.05¢ or 0.2i. To maximize Acp(s), we choose C’é’) to be purely imaginary. Since the
QCDF amplitude does not contain effects of the t- and u-channel resonances, significant
strong phases and thus also CP asymmetry only arise at the (P;" PY).es peak. Therefore,
we do not show Dalitz plots for QCDF. Within these BSM scenarios, Acp(s) can reach
0(0.01) values for D* — K*K'~ and O(0.1) values otherwise. The CP asymmetries for
Dy — 7T K% and D, — K70y are almost identical, since the amplitudes differ basically
only by an isospin factor of —1//2. Minor deviations are caused by different momenta
in the heavy meson propagators of the tensor form factors and the different shape of the

phase space.

In figure 8 we show Dalitz plots for the double differential CP asymmetry for HHyPT
where we set one of the coefficients C’él) to 0.1i. It can be seen that the values for Acp(s,t)
are increased by a factor of ~ 103 compared to the SM. Furthermore, the single differential
CP asymmetries are shown in figure 9 for the same BSM scenarios as for QCDF. For
Dt — 7t7% and Dy, — K+7%, the parity even and parity odd amplitudes contribute to
the s-channel peak to the same extend. The relative sign between C7 and C% in (4.1) results
in a cancellation for C7 and a constructive increase for C%, respectively. This characteristic
feature can also be observed in D® — 777~ [10]. In contrast, for Dy — 77 K% the
s-channel peak is dominated by A_. Complementary, the tails, generated by the ¢- and
u-channel resonance, change sign in the two BSM scenarios. Therefore, it is dominated by
A . Since the t- and u-channel resonances are different vector mesons, the cancellation is

not as effective as for DY — PP~ decays [10].

We stress that QCD renormalization-group evolution connects the electromagnetic
and chromomagnetic dipole operators. Therefore, data on AAcp = Acp(D° — KTK™) —
Acp(D® — 7t7™) can constrain the phase of the photon dipoles as |Im(0§/))| <2-1073
in several BSM models, see [10] for further details. Since Acp scales approximately linear
with Im(C7,)) for ]C’;’)\ < 0.1 this would lead to a suppression factor of 50 relative to the
asymmetries shown in figure 8. However, resulting CP-asymmetries reach few permille
level and are more than one order of magnitude larger than the ones in the SM.

For larger photon dipole coefficients ]C’y)\ 2 0.1, the BSM contributions lead to en-
larged branching ratios for D* — 7t 7%y, D, — 7T K% and D, — K+7%y, as shown in
figure 5. This corresponds to an increase of the normalization of the CP asymmetry (2.4).
Thus, for sizable \Cél)| 2 0.1, the CP asymmetry no longer scales linearly with Im(Cé’)),
which can also be seen for Acp(s) in figure 9.
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Figure 7. The CP asymmetry as a function of s, based on SM QCDF and (4.1). Plots in the left
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Figure 8. Dalitz plot of Acp(s,t) for DT — 7% (first row), Dy — 7+ K% (second row),
Dy — K*r%y (third row) and Dt — K +F0'y (fourth row) based on HHYPT. Plots to the left
(right) correspond to C7 = 0.17 and C% = 0 (C4 = 0.17 and C7 = 0). We employed a cut s < 2 GeV?
to avoid large bremsstrahlung contributions in the normalization.
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Figure 9. As in figure 7 but for HHYPT and with cut s < 2 GeV? to avoid large bremsstrahlung
contributions in the normalization.
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5 Summary

We analyzed ten radiative three-body decays of charged, charmed mesons D?;) — P1+ Py
in the standard model and beyond. This work complements earlier works on neutral meson
decays [10]. The decay amplitudes and distributions are computed in QCDF, HHxPT, and
in the region of high P1+ PY-invariant mass, using the soft photon approximation. The DCS
and CF modes (1.1) are SM-like and probe the QCD dynamics. Branching ratios are shown
in figure 2 and compared in table 1 and 2. As in [10] the forward-backward asymmetry (2.3)
is an observable that efficiently differentiates between predictions of lowest order QCDF,
weak annihilation-type contributions with s-channel dependence only, and HHYPT, subject
to more complex resonance structures. An understanding of the dominant decay dynamics
can therefore be achieved from experimental study, and increases the sensitivity of the NP
searches with the SCS modes.

The SCS modes are sensitive to |Ac| = |Au| = 1 effects from BSM physics encoded
in electromagnetic dipole couplings C7 and C%. Branching ratios are in the ~ 107°-1074
range, except for Dt — K+t K% in QCDF, which is about one order of magnitude smaller
due to smaller phase space, see table. 3. Not unexpected, we find that NP effects cannot
be cleanly separated from the SM background in the branching ratio nor its distribution.
On the other hand, Apg allows for qualitatively different distributions, and to signal NP,
see figure 6. The most clear-cut signals of NP are possible in CP-asymmetries, ideally in
the Dalitz region, as in figure 8, but also in single differential distributions, see figure 9.
The CP asymmetries can be sizable around resonance peaks, and reach O(0.1).

We conclude pointing out opportunities. The best decay channels for

o testing QCD frameworks: the CF mode DT — 7t K%y because it has no leading
order QCDF contribution. The same is true also the DCS mode Dy — K+ K%.

« testing the QCD frameworks with Apg, see figure 3: DY — WOFO’y (CF), Dy —
7ty (CF) and Dt — K*+7%y (DCS), which feature small uncertainties and a very
distinctive shape which is reasonably well understood.

« testing the SM with Apg, see figure 6: DY — ntn =, D* — 7t7% and Dy — 7+ Ky
because differences between SM and BSM asymmetries in the other decays are small.

o testing the SM with Acp: here one should distinguish between the single and double
differential CP-asymmetries. Dalitz plots (figure 8) are suitable for all SCS decay
channels. For Acp(s) (figure 7, 9), the decays DT — 77’y and Dy — 7t K%y can
be emphasized, because they are sensitive to both BSM coefficients C7 and C% and
exhibit less cancellations between the ¢ and u channel resonances. D% — K+t K~ is
also a good option in the region of the ® resonance. D* — nwt7~v, DT — K*Fofy
and D, — K7y only have a good sensitivity in one of the BSM coefficients or
smaller asymmetries have to be expected due to cancellations.
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Figure 10. Feynman diagrams which contribute to the tensor form factors.

A HHxPT form factors

The ng) — P;f PY matrix elements of the tensor currents can be parameterized as

(P (p1) P2 (p2) [ao" k (1£75)e| D, (P)) =mp [a’p’f +b'py +c’P“:F2ih’e”o"37p1ap25k7} :
(A1)

The form factors a/,b’,, h’ depend on s and t and satisfy
ap - k+Vpy-k+dP-k=0. (A.2)
The numerical values for the parameters in the form factors are given in appendix A of [10].

A.1 Cabibbo-favored decay modes

D, - 7tn0.
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(a) Contributions to the parity-even form factors (b) Contributions to the parity-odd form factors
A and E. Additionally, for each of the diagrams B and D.

A2, A1,3 and As 3 there is another one where
the photon is coupled via a vector meson.

Figure 11. Feynman diagrams contributing to the decay D, — 7%y within the SM.
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Figure 12. Feynman diagrams contributing to the decay D; — K +F07 within the SM.
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(a) Contributions to the parity-even form factors
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Figure 13. Feynman diagrams contributing to the decay Dt — 7r+FO’y within the SM.
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Figure 14. Feynman diagrams contributing to the decay Dt — 7
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Figure 15. Feynman diagrams contributing to the decay Dy — 7+ K%y within the SM.
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(a) Contributions to the parity-even form factors
A and E. Additionally, for each of the diagrams
Ai2, A1,3, A23, E12 und E3 3 there is another
one where the photon is coupled via a vector
meson.

D, Dy D, DI g++ D, D D, DI g++
: 0 !«p — 0 - ! 0
K K K+ 7Kt K+
B By By B
D, _plw D,
I R
! g h‘,\fﬁ 7
Kt 7 K+
B B
D, K+ plw D, K+ K
—-jv — j—r—m
K+ 7
. 8
Bii By
D, D} D, D™ D° D, DI p°
- KT T T
Kt 7Kt
Dpith Dih b
D, D; D. D™ D" D, DI p
.- Kt -
® !/w !@ ; '
Kt 7 A 7K
() (@) (@a
Dyy Dy Dy g
D, p p/w D,k D,
T TR
j ple
K+ 0
Dpid s pish

(b) Contributions to the parity-odd form factors
B and D.

Figure 16. Feynman diagrams contributing to the decay D, — K+ 7%y within the SM.
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(a) Contributions to the parity-even form factors
A and E. Note that the diagrams A; have two
different factorizations. Additionally, for each
of the diagrams Alyz, A1,37 A273, A3,3 and A374
there is another one where the photon is coupled
via a vector meson.

(b) Contributions to the parity-odd form factors
B and D. Note that the diagrams B; /3 and
Bs; 5,3 have two different factorizations.

Figure 17. Feynman diagrams contributing to the decay D+t — K+F07 within the SM.
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A and E. Additionally, for each of the diagrams B and D.
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one where the photon is coupled via a vector

meson.

Figure 18. Feynman diagrams contributing to the decay Dt — 77 K%y within the SM.
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(a) Contributions to the parity-even form factors
A and E. Note that the diagrams A; have two
different factorizations. Additionally, for each
of the diagrams Alyz, A1,37 A273, A3,3 and A374
there is another one where the photon is coupled
via a vector meson.
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(b) Contributions to the parity-odd form factors
B and D. Note that the diagrams B; /3 and
Bs; 5,3 have two different factorizations.

Figure 19. Feynman diagrams contributing to the decay Dt — K 7%y within the SM.
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Figure 20. Feynman diagrams contributing to the decay D, — K+ K%y within the SM.
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B Differences with respect to [11]

We provide a list of some differences between our form factors and those obtained in
ref. [11]. More comments are given in [10].

1. The contributions of the diagrams AL and CZ 1 vanish in our calculation.
2. Missing global minus sign in C’; .

3. We believe that there are diagrams that have not been shown in ref. [11]: for each of
the diagrams AIQ, Af 30 A3 35 A;)FA, EY, and E%S there is another one in which the
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photon couples via a vector meson. However, we obtain the same form factors for
the bremsstrahlung contributions.

4. We obtain a relative minus sign for each vector meson in a diagram; however, we get

the same relative signs for Rg/ T as given in eqs. (24) and (25) [28].
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any medium, provided the original author(s) and source are credited.
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