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Abstract Data in B-meson decays indicate violations of
lepton flavour universality, thereby raising the question about
such phenomena in the charm sector. We perform a model-
independent analysis of NP contributions in (semi)-leptonic
decays of D(s) mesons which originate from ¢ — dfv,
and ¢ — sfv, charged-current interactions. Starting from
the most general low-energy effective Hamiltonian contain-
ing four-fermion operators and the corresponding short-
distance coefficients, we explore the impact of new (pseudo)-
scalar, vector and tensor operators and constrain their effects
through the interplay with current data. We pay special
attention to the elements |V,4| and |V,,| of the Cabibbo—
Kobayashi-Maskawa matrix and extract them from the D)
decays in the presence of possible NP decay contributions,
comparing them with determinations utilizing unitarity. We
find a picture in agreement with the Standard Model within
the current uncertainties. Using the results from our anal-
ysis, we make also predictions for leptonic D(J;) — ety
modes which could be hugely enhanced with respect to their
tiny Standard Model branching ratios. It will be interesting
to apply our strategy at the future high-precision frontier.

1 Introduction

Forty-five years after the discovery of the charm quark,
flavour physics has developed into a broad line of research,
allowing us to probe the Standard Model (SM) with unprece-
dented sensitivity to new interactions and particles at energy
scales far beyond the TeV regime which is directly accessible
at the Large Hadron Collider (LHC) today [1].

In these explorations, decays of B mesons usually play
the key role. Measurements by the BaBar, Belle and LHCb
collaborations of processes originating from b — ¢~ vy and
b — s¢T ¢~ quark-level transitions indicate deviations from
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the SM, where the following observables are in the focus
(L =e, pn):

B(B - D™t~ v;)
Rpw = ——, Ry =
B(B — D®i—vy)

BB — K®utu)
B(B — K®ete™) ’
(h

The experimental values of these ratios show tensions with
respect to the corresponding SM predictions at the (2-3)o
level (for recent reviews, see, e.g., Refs. [2,3]). In particular,
the data raise the exciting question of a possible violation
of a central feature of the SM: lepton flavour universality
(LFU).

On the theory side, various models of New Physics (NP),
i.e. physics lying beyond the SM, have been proposed that
could explain the B-decay anomalies, allowing in particular
also for violations of LFU. Important specific scenarios are
given by leptoquark models [7-12], Z' models [13-15] or
Two-Higgs-Doublet models [16—18], implying usually a rich
phenomenology of patterns and correlations among various
observables.

In view of the potential violation of LFU in B-meson
decays, it is interesting to search for such phenomena and
possible signals of physics beyond the SM also in the charm
sector. In fact, in NP scenarios allowing us to describe the
B decay anomalies, effects may also arise in weak decay
processes of D mesons. In Ref. [19], rare decays of the
kind D — m¢f¢ and Dy — K{£ have recently been ana-
lyzed. These modes arise form flavour-changing neutral cur-
rent (FCNC) interactions and are the counterparts of the rare
B decays entering the Ry ratios in Eq. (1). Such processes
are usually considered as particularly powerful NP probes as
they are not allowed in the SM at the tree level but originate
from quantum fluctuations at the loop level. For an analy-
sis of rare s — d kaon processes, see Ref. [20]. However,
decays caused by charged-current interactions at the SM tree
level may also be affected by NP effects, as indicated by
the R ) observables in Eq. (1). This opens up the door to
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investigate such NP effects in the corresponding decays of
charmed mesons as well [21].

In this paper, we shall probe LFU violating effects through
(semi)-leptonic D(s)-meson decays, applying the strategy
proposed in Refs. [22,23] for (semi)-leptonic decays of By,
mesons. Precise lattice QCD calculations and experimen-
tal information on leptonic and semileptonic decays of D)
mesons, arising from ¢ — dfvy or ¢ — sfvy quark-level
transitions, allow us to test LFU in the charm sector. In
particular, we constrain short-distance coefficients describ-
ing physics beyond the SM through a comparison of the-
oretical calculations with experimental data. Furthermore,
we will extract the Cabibbo—Kobayashi—-Maskawa (CKM)
matrix elements |V,4| and | V| from weak charm decays,
also in the presence of NP contributions, and will make pre-
dictions for leptonic D:g) — e, decays. These modes
could be hugely enhanced through new pseudoscalar con-
tributions, in fact close to the current experimental upper
bounds on the corresponding branching ratios.

The outline of this paper is as follows: in Sect. 2, we intro-
duce the most general basis of local operators describing
(semi)-leptonic Dy decays, and discuss the resulting low-
energy effective Hamiltonian. Furthermore, we exploit the
unitarity of the CKM matrix to determine |Vq4(s)| without
any use of information following from D) decay data. In
Sect. 3, we utilize current experimental information on lep-
tonic Dy decays to constrain the short-distance coefficients
for NP contributions. Subsequently, in Sect. 4 we perform
a similar analysis for semileptonic D(y) decays. In Sect. 5,
we use some of the obtained constraints to determine |V, 4|
and |V,| in the presence of pseudoscalar NP interactions.
In Sect. 6, we discuss predictions for leptonic D(t) — ety
decays. Finally, we present our conclusions and outlook in
Sect. 7.

2 Theoretical framework
2.1 Low-energy effective Hamiltonian

The charged-current interaction processes underlying weak
decays of Ds) mesons can be described by local four-fermion
operators with their associated short-distance Wilson coeffi-
cient functions. Considering all possible Lorentz structures
for decays originating from ¢ — dfv; or ¢ — sfvy tran-
sitions (with £ = e, i, ) and assuming neutrinos to be
left-handed, we obtain the following operator basis (with
qg =d, s)[24,25]:

0%, = Gryucr)Gey™Lr),
O, = GrYucr) BeLy™ L),
0§, = (Grer) (VeLlr),
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0§, = (Grer) (eLlr).
0% = (Gro" cr) (Verouvlr)- )

The antisymmetric tensor is defined as o#¥ = %[7/“, yY].
Using the appropriate Fierz identity, one can show that the
tensor operator with opposite quark chiralities vanishes. In
our analysis, it will be convenient to switch to an operator
basis that contains a single operator describing the scalar
interactions and, similarly, a single pseudoscalar operator.
To this end, we define the scalar and pseudoscalar operators
in the following way:

1 r_
0% =5 (0§, +0%,) = 5@ Gertr),

1 1 _ _
0p = 5 (05, - 0§,) = 3@rsO)Gertr). 3)
The most general effective Hamiltonian containing all pos-
sible local operators of the lowest dimension for ¢ — gfv,
transitions can therefore be written as

4G
Heff = ch [(1 + C€L)O€/L + C€/R O€R

V2
+C40% + ChO, + ChO |, “

where the subscripts Vi, Vg, S, P and T denote the left-
handed vector, right-handed vector, scalar, pseudoscalar and
tensor contributions, respectively. In the SM, only the left-
handed vector operator is present with an overall Wilson
coefficient equal to one. In our analysis, we shall assume
real Wilson coefficients for simplicity, i.e. that the NP effects
do not involve new sources of CP violation. For a discussion
of such effects in the analogous B decays, we refer the reader
to Refs. [22,23].

2.2 |Veq| and |V | from unitarity

The CKM matrix elements V.4 and V., are usually deter-
mined directly from leptonic and semileptonic D,y decays
and assuming the SM (such an extraction from experimental
D decay rates using lattice QCD form factors was performed
in Ref. [26]). In this work, we are investigating these decays
in the presence of NP contributions, hence we need an inde-
pendent determination of V,.; and V.. To this end, we adopt
the Wolfenstein parametrization [27] of the CKM matrix,
exploiting its unitarity. Here, V.4 and V., are related to the
Wolfenstein parameters {A, A, p, n}. Including corrections
up to O(A3) yields the following expressions [28,29]:

1
Vea = —h + §A2A5[1 —2(p+inl+ 00, )
1 1
Vg = 1 — Exz — §A4(1 +4A%) +O00). (6)

The Wolfenstein parameters entering here can be determined
without any information from D) decays, which is a very
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advantageous feature of the charm system. The parameters A
and A are related to the CKM elements V,,; and V., respec-
tively. The absolute value of V, is determined from the
experimental information on kaon decays and assuming the
SM. The current average of the results from semileptonic K 9,
Kg and K+ decays, combined with K — pv(y) decays, is
given as follows [30]:

[Vius| = 0.2243 £ 0.0005, )

where the SM has been assumed. For |V, the current world
average from exclusive and inclusive semileptonic decays of
B mesons to charm takes the following value [30]:

IVep| = AXZ + O\%) = (42.2 £ 0.8) x 1073; 8)

measurements of |V,,| obtained from B(B — D® 1) are
notincluded. To determine the remaining Wolfenstein param-
eters, we further exploit the unitarity of the CKM matrix.
The side Ry, of the unitarity triangle (UT) of the CKM matrix
together with the UT angle y allows us to determine p and
n. For the determination of R, we use the following current
world average for |V, | obtained from inclusive and exclu-
sive semileptonic B decays assuming the SM [30]:

[Vip| = (3.94 £ 0.36) x 1073, )

combined with the resultin Eq. (8). There exist tensions at the
3o level between the inclusive and exclusive determinations
of | V| and | V5| [31]. However, for our analysis, it has an
essentially negligible impact as these CKM parameters enter
only through strongly suppressed higher-order corrections:
|Vup| appears only in the corrections in Eq. (5), which dif-
fer from the leading term by four orders of A. The angle y
is usually determined from the tree dominated B — DK
decays which yield y = (73. 5+ )° [30]. However, as pos-
sible NP could slightly affect 1ts value, we allow y to be
within [60°, 80°]. Varying y within this range has a very
minor impact. Finally, we obtain the following values for
|Vea| and | Vis| from the unitarity of the CKM matrix:

[Vea| = 0.2242 £ 0.0005, (10)
[Ves| = 0.9736 = 0.0001. (11)

The important feature of these results is that they are indepen-
dent of possible NP contributions to (semi)-leptonic charged-
current charm transitions, which are usually exploited to
determine these CKM matrix elements from experimental
data. We shall use them as reference values for our analysis
discussed below.

3 Leptonic decays

Leptonic Dzr) — %y, decays are the simplest and clean-
est weak decay class of charmed mesons. All the hadronic

dynamics is captured by a single parameter: the D ,)-meson
decay constant f DY Leptonic decays of D and Dy mesons

contain the flavour-changing quark transitions ¢ — d and
¢ — s, respectively. Accurate non-perturbative calculations
of the decay constants combined with precise experimental
results provide excellent opportunities to perform tests of
lepton flavour universality.

In the SM, the branching fraction for leptonic DZ;) decays
is given as

2
L

D £
M2+ )
Dy

G2
B(D(s) g Z+W)|SM = ?;lchlzfgg)MD(t)m%(l B

(12)

where G is Fermi’s constant, ‘L'D+ is the lifetime of the

D (s) meson, and M, * and my are the masses of the D
meson and the lepton (Z = e, |, T), respectively. The decay
constants fp+ and fD;r are determined from lattice QCD
calculations. For our analysis, we use the values determined
by the FLAG working group [32]:

fp+ = (209.0 +2.4) MeV, (13)
fpr = (248.0 £ 1.6) MeV. (14)

The resulting leptonic branching fractions in the SM and their
experimental values are given in Table 1. Here, we use the
values for |V.4| and | V| obtained from unitarity, given in
Egs. (10) and (11), respectively. For the D(5) — e™ v, decays,
only experimental upper bounds are available. This is due to
the extremely strong helicity suppression in these processes,
which is reflected by the proportionality of the branching
fraction to m% However, potential contributions from pseu-
doscalar NP interactions could lift the helicity suppression in
these decays, thereby making them excellent probes for NP.
For previous studies of NP effects in these decays, see Refs.
[33-35].

3.1 Constraints on pseudoscalar coefficients

As the scalar contributions coming from Og vanish due to
parity conservation, we start our NP analysis by consider-
ing contributions from new pseudoscalar particles. Using the
low-energy effective Hamiltonian in Eq. (4), we complement
the SM branching fraction with a pseudoscalar contribution
and obtain the following expression:

M. 2
+ +1,) — + + 4 ©
B(D{, — €Tve) = BID(;) — £ v0) gy 1+Cpm
15

where Cf, is the short-distance coefficient for the pseu-
doscalar NP contribution, and m. and m, are the masses
of the charm and down (strange) quarks. In these branching

@ Springer
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Table 1 Branching ratios of
leptonic D decays calculated

in the SM and comparison with
the currently available
experimental values

Decay SM Experiment

B(D* — etve) (9.16 £0.22) x 1079 <88x107° [30]
B(DF — ) (3.89£0.09) x 1074 (3.7440.17) x 1074 [30]
B(DT — tFvr) (1.04£0.03) x 1073 (120 +0.27) x 1073 (36]
B(Df — et ve) (1.24 £0.02) x 1077 <83 x 1075 [30]
B(Df — ptvy) (5.28 0.08) x 1073 (5.50 +0.23) x 1073 (30]
B(Df — ) (5.15£0.08) x 1072 (5.48 £0.23) x 1072 [30]

fractions, the decay constants are the source of the largest
theoretical uncertainties. Moreover, they contain the CKM
elements | V4| or | V|, which we would finally like to deter-
mine from these decays, also in the presence of NP contri-
butions. With this in mind, we consider the following ratio
of two leptonic decays:

BDE) — €fve)  olr|14p0Ch )

b ()
RU = - . a6
& B(D}, — @;wz) 0162|1 + ,3€2C?|2

(s)

where

2

2

L) — 5,2 _ L12)
al@ =my (1 JYe and

D+

()
2

¢ MD(B
phe = (17)

[mzl(z) (mC + mq)] )

This observable is theoretically clean as the decay constants
and also the CKM matrix elements cancel.

Let us first consider leptonic decays of D mesons. Using
the experimental information in Table 1, we obtain the fol-
lowing value for the ratio between two leptonic D decays
with tau leptons and muons in the final state:

(R;)D =3.21+0.73, (18)

where we have utilized the recent first observation of the
decay D* — tTv; by the BESIII collaboration [36]. By
comparing the experimental value with the corresponding
theoretical expression, we determine the allowed regions
in the Cg—C} plane. The result is presented in Fig. 1
(left), where the uncertainties coming from the masses are
neglected due to their smallness. The SM prediction (Cl; =
Cp = 0), indicated by the black star, is in agreement with
the obtained constraints at the 1o level.
For electrons and muons in the final state, we obtain

(RSP < (2.35+0.11) x 1072, (19)

Comparison with the corresponding theoretical expres-
sion allows us to calculate the allowed regions in the C g—C %
plane. For the branching fraction B(DT — e™v,), only an
experimental upper bound is available, resulting in the large
wedge-shaped allowed regions in the panel on the right-hand

@ Springer

side of Fig. 1. The SM prediction (Cg = C; = 0) lies
within the obtained 1o contour. A future measurement of
B(Dt — eTv,) would allow us to determine more strin-
gent constraints in the Cg—Cf, plane from the (RZ)D ratio,
in analogy to the constraints following from (R;)D .

For Dy decays, we perform a similar analysis in the pres-
ence of pseudoscalar NP. From the experimental information
on leptonic D decays in Table 1, we obtain the following

value for (R7,)s:
(R[)P* =9.96 +0.59. (20)

Using this result, we constrain the corresponding short-
distance coefficients. The resulting allowed regions in the
Cg—C} plane are shown in the panel on the left-hand side in
Fig. 2. For (R:i)DS, we obtain the experimental value

(R%)Ps < (1.51£0.06) x 1072 (21)

By comparing our theoretical expression with the experimen-
tal information, we obtain the allowed regions in the C ﬁ—C o
plane shown in the panel on the right-hand side of Fig. 2. We

observe that the obtained 1o contours for both (R;)DS and

(RZ)D»? contain the SM predictions. We would like to note
that also for B(D}} — e™v,), only an experimental upper
bound is available. A future measurement of this branching
fraction would allow us to put more stringent constraints on
the relevant NP coefficients. We shall return to Dg) — eTy,
decays in Sect. 6.

3.2 Constraints on vector coefficients

Besides pseudoscalar NP contributions, the SM branching
fraction may also be complemented by contributions from
additional vector interactions. Including possible left-handed
(LH) vector interactions leads to the following branching
fraction:

2

)4
B(D) — £Fvo) = BIDE) > rvolg |1+ €1, [ @2)

(s)

where C €L is the short-distance coefficient for the LH vec-
tor interaction. Just as for the pseudoscalar coefficients, we
need a theoretically clean observable for the extraction of
constraints on the vector coefficients. In analogy to Eq. (16),
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stars indicate the SM predictions
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Fig. 2 The allowed regions in the Cﬁﬁ—C; (left) and C%—C; (right) planes following from the ratios (R;)DS and (R;)Df, respectively. The black

stars indicate the SM predictions

we define the ratio of two leptonic branching fractions with
different leptons in the final state:

+ + ¢ 02
gt = BP = i) _ @ 1+, (23)
2B~ G al|1+ R

We constrain the LH vector coefficients by comparing the
theoretical expressions to the experimental information in
Egs. (18-21). The obtained allowed regions in the C f,LL -C ",L
and C@L —Cf,L planes are given in Fig. 3.

We proceed our analysis by considering right-handed
(RH) vector NP interactions. The branching fraction includ-

ing RH vector contributions takes the following form:

2
B(D{, — ¢Tv) = B(D, — €+v£)|SM)1 - CéR )

(s) (s)

where C€R is the short-distance coefficient for the RH vector
interaction.

Just as for the LH vector coefficients, we define the ratio
of two leptonic branching fractions with different Ieptons in

the final state:
+ + ¢ £ 2
Rl _ BDG —> Livey)  a"[1-Cy 55
= B(D+ s Z+V ) - ¢ 012" ( )
(s) 2 Vi, Olzyl—CVR|

Using the experimental constraints, we obtain the allowed
regions inthe Cy, ~Cy, and Cy, —C{, planes shown in Fig. 4.

@ Springer
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4 Semileptonic decays

Semileptonic D, decays provide further powerful ways
to constrain the short-distance NP coefficients. Since they
are driven by the same ¢ — dfv; and ¢ — sfv, quark
transitions, these processes are effectively described by the
same local operators. Consequently, constraints on the short-
distance coefficients coming from semileptonic decays can
be utilized to complement those from leptonic decays.

4.1 D — P{lv; decays

First, we consider the semileptonic D decays of the form
D — Plvg, where P denotes a pseudoscalar meson. The
differential branching fraction is given in the SM as follows
[25]:

@ Springer

dB(D — Plvy)

2 P \2 2
_ GFTD|ch|2|:(HV,O) (l+ me>

dq? s 24m3M3 4 2q*
3mi o, 2] (g* —m)?
+<-—Hy ) |———Iprls
] q2 V.s q2
(26)

where ¢? is the four-momentum of the lepton-neutrino pair,
satisfying the relation

m? < q* < (Mp — Mp)*~. 27)

In order to calculate the amplitudes H ‘1/0‘0 and H “Z ¢» hadronic
form factors are needed, requiring non-perturbative methods.
In the literature, various form-factor parametrizations were
proposed (for amore detailed discussion, see Appendix A). In
Table 2, the SM branching fractions for semileptonic D — 7
and D — K decays with electrons or muons in the final states
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are given, along with their experimental counterparts. For
the SM predictions, we used the values of | V4| and |V, | in
Egs. (10) and (11), respectively, obtained from the unitarity of
the CKM matrix. Furthermore, we applied the lattice results
given in Refs. [37] and [38], adopting double-pole and z-
series parametrizations, respectively. As the latter approach
results in smaller uncertainties for the branching fractions,
we will use it in our analysis outlined below. For a studies
using quark model caclulations, we refer the reader to Refs.
[40,41].

4.1.1 Constraints on (pseudo)-scalar coefficients
Allowing for scalar NP interactions, the differential branch-

ing fraction for semileptonic D decays into a pseudoscalar
meson and a lepton—neutrino pair takes the following form:

dB(D — Plvy) GriplVeg? ([HY O/ ml\ 3m}

- : (1 7)+*7(HV /)
dq? 243 M2, 4 2q2/ 842 T

G2 — mlg)z
q2

3 3 my
+ IS PHT? + ZRe(Cﬁ*)—HfH‘fJ}

Va2

rel,

(28)

where the term in the square brackets is the SM part. The
other terms, containing the NP contributions, are sensitive to
the scalar coefficient C g In order to obtain an observable that
is independent of V.4 or V., we consider the ratio between
a leptonic D) decay and a semileptonic D decay contain-
ing the same quark transition and lepton flavour in the final
state. Semileptonic D decays with tau leptons are kinemati-
cally forbidden, and for leptonic decays to electrons only an
experimental upper bound is available. Therefore, we restrict
ourselves to decays with muons in the final state and define

@ Springer
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Table 2 Branching fractions for semileptonic D decays calculated in the SM using double-pole [37] and z-series [38] form factor parametrizations,

and comparison with the current experimental results given in Ref. [30]

Decay Double-pole

z-series Experiment

(3.21£0.68) x 1073
(3.64 £ 0.76) x 1072
(4.1740.88) x 1073
(9.31+1.95) x 1072
(3.17£0.67) x 1073
(3.56 £ 0.74) x 1072
(4.12 £0.87) x 1073

(9.11 +1.90) x 1072

B — n~etv,)
B(D° - K~etv,)
B(DT = 70%t,)
B(Dt = K etvy)
B(D" — n*pﬁvﬂ)
B(D® — K~ putvy,)
B(Dt — 7.[0#+v#)

B(DT — fo,uﬁ)“)

(2.91+0.04) x 1073
(3.542 4 0.035) x 1072
(3.724+0.17) x 1073
(8.73 £ 0.10) x 1072
(2.67 £0.12) x 1073
(3.41+0.04) x 1072
(3.50 £ 0.15) x 1073

(8.76 +0.19) x 1072

(2.64+0.31) x 1073
(3.49 4+ 0.29) x 1072
(3.42+0.41) x 1073
(8.92+0.75) x 1072
(2.60 £0.31) x 1073
(3.40 +0.29) x 1072
(3.38 £0.40) x 1073
(8.70 £ 0.73) x 1072

the following ratios:

B(DT — ptvy)

H =
wmd T B(Dt — NOM“‘VM)’
" B(DT — pﬁ'vu)

R T = 0 -+ ’ (29)
w B(DY — = putv,)

and

v BDf - utvy

R N —0 ’
w B(DT — K utv,)

o B(D} — pntvy,) 30)

wk= = B(DY — K—ptv,)’

These observables are sensitive to the scalar and pseudoscalar
coefficients C g and C fg. For the DT — nolﬁ'vﬂ decay, an
isospin factor of 1/2 has to be taken into account since 70 =
(uit —dd) /~/2. From the measured branching fractions given
in Table 2, we obtain the following experimental values:

Rl o= (1.07£0.07) x 107",

Rl = (140 £0.09) x 1071, 31
and
R* o = (6.28£0.30) 1072,
M
Rli.x = (1.61£0.07) x 107% (32)

By comparing the theoretical expressions for the ratios in
Egs. (29) and (30) with the corresponding experimental
values, we constrain the (pseudo)-scalar coefficients. From
RZ 0 and RZ > We obtain the allowed regions in the Ch-

Cg plane shown in Fig. 5. The results are in agreement with
the SM prediction Cl, = C§ = 0 at the 1o level. This is also
the case for the allowed regions obtained from R" 20 and

0
RZ'K” shown in Fig. 6.

@ Springer

4.1.2 Constraints on vector coefficients

Next, we consider contributions from LH and RH vector NP
interactions. The differential branching fraction can be writ-
ten as follows:

¢
Vi(r)

dB(D — Plvy)  dB(D — Plvy)

2
i i (33)

‘1+c
SM

In principle, we could define ratios in analogy to Egs. (29)
and (30) given in the previous section, but include vector
contributions instead of (pseudo)-scalar ones. However, Egs.
(22) and (33) indicate that the LH vector NP contributions
would cancel. On the other hand, in the case of RH vector
contributions, they would not cancel due to the relative sign
difference, but the structure of the formulae does prohibit the
extraction of stringent constraints.

We can, however, investigate possible vector NP interac-
tions through ratios between two semileptonic decays with
different flavours of leptons. To this end, we define the fol-
lowing observables:

_ B(DT - 7%T,)

RE o = ,
wr® = B(Dt — 70utvy,)
B(D° — 7=etv,)
R n- =20 —, (34)
B(DY — w—ptvy)
and
. B(Dt — fOeJrve)
R f() = -0 5
s B(D+t — K utvy,)
. _ B(D® - K—etv,) 35)

K= B(DY — K—ptv,)’
These observables are independent of CKM matrix elements
and sensitive to the coefficients C f,L(R) ,with¢ = e, . Hence,
they provide interesting opportunities to test lepton flavour
universality in D decays. From the measured branching frac-
tions in Table 2, we obtain the following experimental values:
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RE o =1.06+0.07,

R = 1.09 £0.05,

Wi

(36)

and

R¢ _, = (9.97+0.24) x 1071,
;K

RS- (37)

1.04 £ 0.01.

The structure of the theoretical expressions for these observ-
ables, following from Eq. (33), is identical for LH and RH
vector NP interactions. Therefore, the allowed regions in the
C gL —Cy, andC gR —Cy,, planes, obtained by comparing these
expression with the experimental values, are the same. This
can be seen in Figs. 7 and 8. Furthermore, as leptonic and
semileptonic decays are described by the same operators, we

may compare these constraints with the ones obtained from
leptonic decays in Figs. 3 (right) and 4 (right). The constraints
presented there are a significant improvement, resulting from
the fact that semileptonic decays do not suffer from helicity
suppression. It is interesting to note that the SM predictions,
cl, =C¢ = 0, lie just outside the 1o contours in three

Vir) Vi(r)
of the four plots.

4.1.3 Constraints on tensor coefficients

Finally, let us probe the tensor operator in the operator basis
given in Eq. (2) through its impact on the semileptonic
decays. The differential branching fraction including such
tensor interactions is given as

@ Springer
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GL1p|Veg |2 (T (HYE )2 2 2
_ Gholteg? [EDR (i ooy
2473 M2 4 2q2/ 842V
21cti2(1 2’”% HPV? — 3Rectry ™ gP P
+ 2|Cy| +qT(T)_ e(T)ﬁTV,O
(q> —mdH?
——lppl.
q

(38)

For the amplitude Hf , we use the lattice results obtained
in Ref. [39] for the corresponding form factors (for details,
see Appendix A). This leads to expressions for the semilep-
tonic branching fractions, dependent on the tensor NP coef-
ficients C‘;. As the tensor operator in Eq. (2) is antisymmet-

@ Springer

ric in p and v, there are no tensor contributions to leptonic
decays. Consequently, we cannot probe tensor NP through
ratios between leptonic and semileptonic decays. Hence, we
take the ratios in Egs. (34) and (35), but allow for tensor con-
tributions instead of vector contributions. These ratios are
then sensitive to the tensor coefficients C7. and C ? .

By comparing our theoretical expressions with the exper-
imental information in Eqgs. (36) and (37), we determine the
allowed regions in the C‘;-C? plane. The constraints from
R 20 and R;;n_ are shown in the panels on the left- and
right-hand sides of Fig. 9, respectively. In the latter case, it
is interesting to see that the SM prediction corresponding to
C# C% = 0 is excluded at the 1o level. In Fig. 10, the
allowed regions in the C #—C % plane are shown, following
from the constraints on R; =0 (left) and R;; k- (right). We
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observe that in the case of R¢ 20 the SM prediction lies just
s

outside the 1 o contours.

42 D — Vivy decays

We continue our analysis of semileptonic D) decays by
considering decays of the form D — V £vy, where V denotes
a vector meson. Measurements of the branching fractions for
D — pand D — K* decays allow us to further constrain
the short-distance NP coefficients. In particular, D — V
decays are sensitive to the pseudoscalar NP coefficient Cf,,
thereby offering an interesting complement to the constraints
following from the leptonic decays in Sect. 3.

The SM expression for the differential branching fraction
for D — Vi decays takes the form [25]

D 3 G2tp|Vea | [ 1 2
B VOO _ Gl (1 [y

dq? © 24n3M3 |4 24
ARY v 2], 3M v o (39)
Y Y [+ )
(g> —mp*
——lpvl,
q

where ¢ has the kinematical range
mi < q* < (Mp — My)™. (40)

In comparison with the pseudoscalar case, we have now a
considerably more complex situation due to the amplitudes
H‘X 4 H“Z ., H“,/’ oand H“,ﬂ ,» which involve various hadronic
form factors. Unfortunately, to the best of our knowledge,
the most recent lattice calculation of the D — p, K* form
factors dates back to 1995 [42]. As significant improvements
have recently been made in lattice QCD, a calculation of the
D — V form factors exploiting the current state-of-the-art
methods would be very desirable for testing LFU in the charm
sector.

In our work, we complement the lattice QCD (LQCD)
calculation in Ref. [42] with the results from Ref. [43], using
light-cone sum rules (LCSR). The latter calculation is done
in the framework of Heavy Quark Effective Field Theory
(HQEFT). It should be mentioned that HQEFT, as the name
suggests, relies on the assumption of a heavy quark, which
in the case of D mesons has to be treated carefully [44]. The
definitions and different parametrizations of the form factors
are given in Appendix A. The resulting SM predictions for
the branching fractions and the corresponding experimental
results are summarized in Table 3. For the SM predictions,
we use the values for | V4| and |V 4| in Egs. (10) and (11),
respectively.

4.2.1 Constraints on pseudoscalar coefficients

If we allow for pseudoscalar NP interactions, we obtain the
following expression for the differential branching fraction
for semileptonic D decays with vector mesons in the final
State:

4

dB(D — Vivy) GLtp|Veq|? {[1( m? )[(HV 2
dq? 2473 M3, v

1+ —
2q2

+(HY %+ (HY )]
m2

3
—f(HVV,,ﬂ + S IChIPHg)?

; (1)
84

+

2,22
3 Ly M0 LV v (g —mg) N
+ Re(Cp )—\/q»zHS Hy, —Z lpvl,
where the terms in the large square brackets represent the SM
part. In order to constrain the pseudoscalar NP coefficients
C f,, we introduce the ratios

RE B(Dt — utv,)
w;p B(D“‘ N P0M+Vu)’ “2)
n B(D;L — M+Vu)

WK " B(DF - K (892)0u*v,)

Since each of these observables depends on C’;, they can
be used to complement the constraints for this coefficient
following from the leptonic D decays. Note that for the
Dt — p%utv, channel, a factor of 1/2 has to be taken into
account due to the wave function of the p° meson. Using
the measured branching fractions in Table 3, we obtain the
following experimental values:

"o -1
R, = 1.56£0.27) x 107,

43
RZ? = (1.04+£0.05) x 107" 43

These constraints can be converted correspondingly into
allowed ranges for C%, employing ¢ — d and ¢ — s transi-
tions. The results are listed in Table 4, utilizing information
on the form factors both from LQCD and from LCSR calcu-
lations.

We may use the obtained ranges for C g to further con-
strain the allowed regions shown in Figs. 1 and 2. This
yields the vertical bands in Figs. 11 and 12. The constraints
obtained using LQCD and LCSR form-factor information are
indicated by the green and yellow bands, respectively. The
dashed-dotted lines in Figs. 11 (right) and 12 (right) indicate
the correlations arising from C}, = Cg . In both cases, we
find no large discrepancies with the SM predictions where
the pseudoscalar NP coefficients vanish.

4.2.2 Constraints on vector coefficients

Besides pseudoscalar NP interactions, semileptonic D decays
with a vector meson in the final state are also sensitive probes

@ Springer



153 Page 12 of 21

Eur. Phys. J. C (2020) 80:153

0.8

0.6

0.4

0.2

1 Riw

e
T 0.0 4
—0.2 4
—0.4 4
—0.6 p
2 N
T e L L L L L L L s
=1.0 —0.8 —0.6 —0.4 —0.2 0.0 0.2 0.4 0.6
o/~
T

Fig. 9 Allowed regions in the Cj. — C% plane using the ratios R;.no (left) and R;

0.8
N
S,
0.6
0.4

0.2

-0.2

—0.4

—0.6

/
/
—0.8

L

T

0.8

| |
—0.8 —0.6

. (right)

0.6

0.4F

0.2F

0.0

—0.4F

Fig. 10 Allowed regions in the C}: — C% plane using the ratios R¢ 2 (left) and RZ, x- (right)
i :

0.0

0.2 0.4

Table 3 SM predictions for D — \ branching ratios using LQCD and LCSR form-factor information from Refs. [42] and [43], respectively;

the experimental values are from Ref. [30]

Decay

LQCD

LCSR

Experiment

B(Dt — pletv,)
B(DT — K*(892)%*v,)
B(Dt — po,u,‘*'vﬂ)
B(DT — K (892)°utv,)

(2.23 £0.70) x 1073
(6.26 £1.84) x 102
(2.13 £0.64) x 1073
(5.95 £ 1.67) x 1072

(2.25 £0.28) x 1073
(5.02 £0.56) x 1072
(2.14 £0.27) x 1073
(4.75 £0.53) x 1072

2.18707) x 1073
(5.40 £0.10) x 1072
24+04) x 1073
(5.274+0.15) x 1072

of LH and RH vector contributions from physics beyond the
SM. The differential branching fraction in the presence of
LH vector NP interactions can be written as

@ Springer

dB(D — Vivy)  dB(D — Vivy)

dg?

dg?

|1+ Cy, I*. (44
SM
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Table 4 Allowed values for the

coefficients C g |Cd and C g |CX’ Coefficient LQCD LCSR

obtained through the ratios ch| (—7.58 £0.62) x 1072 (=7.59 4 0.42) x 102

RZ; , and RZ - Tespectively, Pled _3 _3

using LQCD [42] and LCSR (—1.23 £6.08) x 10 (—1.19+4.04) x 10

[43] form-factor information Chl., (=7.93 £0.57) x 1072 (—7.454£0.26) x 1072
(4.82+5.59) x 1073 (0.05 £2.34) x 1073

In analogy to decays with pseudoscalar mesons in the final ~ vector contributions cancel. The differential branching frac-
states, the ratio between a leptonic and semileptonic decay  tion in the presence of RH vector NP interactions is slightly
does not yield further constraints since the additional LH  different from the pseudoscalar case [25]:
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dB(D — VZiv)
dg?

2
_ GronlVe,l? 1(1+ﬂ>[(HV 2
243Mm3 |4 2q2 V.t

+(HY )2+(HVO)] g—(H‘X,)Z}(1+IC’{,R|2)

~2Re(Cl [ (1+ )[(Hv0)2+2HV+HV ]

3Im 2252 .
+__2(HV1) ]}(‘lq—zme)m‘/'.

84 (45)

However, the structure of the formulae does prohibit the
extractions of further constraints through the ratio between
a leptonic and a semileptonic decay with the same lepton
flavour. Therefore, in analogy to Egs. (34) and (35), we define
the following ratios between two semileptonic decays with
different flavours of leptons:

e _ B(Dt — plety,)
10 = B(DF — pOptu,)’
B(Dt — K" (892)%",)

RE . = — . (46)
K B(DF — K (892)0utv,,)

From the measured branching fractions in Table 3, we obtain
the following experimental constraints:

RS, = (9.08+1.75) x 107",

RS e = 1.02:£0.03. 47)

By comparing Eqs. (33) and (44) with each other, it is clear
that the contours in the C gL -C f,L planes will be of the same
shape; the expressions differ only up to a scale-factor. As the
form-factor information for D — P decays is significantly
more precise than for D — V decays, and the experimen-
tal precision is more or less the same, the constraints coming
from D — V decays do notimprove the constraints in Figs. 7
and 8. For RH vector interactions, however, the slightly dif-
ferent structure is worth investigating. For R; this leads
to the contour shown in Fig. 13 (left), and for RM —., this

leads to the contour shown in Fig. 13 (right). In both plots,
the SM prediction is included in the 1o contours.

4.2.3 Constraints on tensor coefficients

Finally, let us have a closer look at NP tensor contributions,
which are the final category of potential NP contributions
to semileptonic D decays with a vector meson in the final
state. Allowing for such an effect, we obtain the following
differential branching ratio:

dB(D — Vivy)
dq? -

G2 TD|VLq|
247r3M2

([20+ 25 ot o

2 2
+(HY o) ]+ ——(HV,) ] +2105 P (1+ %)[(Hﬁf

+HY ) + (HY ]

@ Springer

—3Re(C§*)\/>(HTOHVO+ Hy (HY _
q
2
—nY_ny) }uw. 48)

However, to the best of our knowledge, there is no explicit lat-
tice calculation of the tensor form factors for D — V decays
available. In Ref. [43], the tensor form factors are related to
the vector and scalar form factors A, Ay, A3, V in the frame-
work of HQEFT. A lattice determination of the tensor form
factors in D — V transitions would be very desirable. How-
ever, as currently no lattice information is available for these
quantities, we will use the HQEFT relations to obtain con-
straints, albeit for illustrative purpose. The relations for the
form factors are given as follows [43]:

2 2 2 2
Tigh = Ty Ha Vi)
2Mp Mp +my
Mp +my 2
—= A , 49
+ P 1(q7) (49)
2 (Mp — y)(Mp +my)
g*) = —5— [ 5 Ai(g?)
My, —my,
Mp(y* —m3) 2}
—  Vy , 50
Mp Ty (q”) (50)
Mp+my 2 Mp 4 2 2
T3(gH)= ———"2A — A —A
3(q°) M, 19+ S, [A2(¢")—A3(q")]

MIZD +3m%, —q2

2
My My +my) 4

(S

where y = (Mlz) + m%, — ¢?)/(2Mp) is the energy of the
vector meson. We use the ratios defined in Eq. (46) and allow
for tensor contributions instead of vector contributions. Using
the HQEFT relations and the experimental information, we
find the allowed regions in the C # —C?%. plane shown in Fig. 14.
We observe that the SM points fall just within in the 1o
regions in both cases.

5 Determination of |V, 4| and | V]|

The determination of | V4| or | V5| is done by exploiting data
from charged-current interactions involving ¢ — dfv; or
¢ — sfvy quark-level transitions, respectively. Usually, these
determinations assume just the corresponding SM expres-
sions. However, there may be NP contributions present in
these processes, as is the main focus of our analysis. In
the case of (semi)-leptonic D) decays, their SM expres-
sions could be used to determine |V,4(s)| from the data and
non-perturbative information on the hadronic parameters.
In Sect. 2.2, we have determined |V,4(s)| independently of
D) decays, utilizing the Wolfenstein parametrization of the
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CKM matrix. Here, we have assumed the SM in the corre-
sponding kaon and B decay processes.

Physics beyond the SM may also affect the values of
the CKM matrix elements. Consequently, we have probed
NP through observables that do not involve such parame-
ters. Combining the theoretical expressions for these observ-
ables with experimental information on the branching frac-
tions allows us to constrain NP coefficients, independently of
the CKM matrix elements. Finally, having these constraints
available, we may use them to extract |V¢4(s)| from Dy
decays, even in the presence of possible NP effects in the
corresponding transition amplitudes.

5.1 The strategy

In our analysis, we follow a strategy first proposed for B
decays in Ref. [22]. It has not yet been applied to the charm
sector. Using the NP constraints obtained from the observ-
ables RZ; o and R" 2 We will finally also determine | V4|
or |V | in the preseflce of pseudoscalar NP contributions. To
distinguish the coefficients corresponding either to a c — d
transition or a ¢ — s transition, we denote the latter with
C‘g. There are three steps in this approach, after which we
obtain the CKM matrix elements:
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e We start with the expressions for ’RZ ., and RZ 2+ InEq.
(42), which depend only on one coefficient, either C ﬁ or
C~' /% Consequently, we can solve for Cp I or C' "

° Th1s results in the functions C% (R” ) and C ” (RM 7*)

For both functions, there are two mdependent solutlons
for the coefficients, corresponding to the two bands
shown in Figs. 11 and 12.

e We then evaluate any of the individual branching frac-
tions for each of these ratios and solve for the corre-
sponding CKM matrix element. Comparing the resulting
expression to individual measurements of the branching
fractions allows us to obtain the value of | V4| or |V |.

5.2 |Veq| and | Vg

We apply the described strategy to leptonic and semileptonic
Dy, decays to determine the CKM matrix elements | V4| and
| Ves|. To this end, we recall the following ratios:
T B(Dt — ptv,)
wip B(D+ — POM+V;¢)’
woo_ B(D} — ptvy,)
wK B(DT — K (892)0utv,)’

(52)

which were given in Sect. 4.2.2, along with the theoreti-
cal expressions for the branching fractions including pseu-
doscalar NP contributions. Using these expressions, we write
the ratios as follows:

2
at|1+ptch)

Ti + oI Cp > + T3Re(Cp)

[
eV

(53)

where V = p,f* and @* = of fg. To keep the notation
clear, the subscript s is omitted; in the case RH <" the nota-
75

tion D — D, and Cﬁ, — éﬁ, is implied. The integrals 7,
1>, I3 take the forms

T =10/(2MD_mV)2 dq [i(w—)[(m) + (Hy)?

m? 2q*
3mj (q> —mp?
+(HD? | + 2 =E (] )2]—|pv|,
Y 8q% q?

(Mp-my)* 3 (q2 — m2)?
T =1 da?> (g2 _— T ’
2=1 2 q°5 (Hp) 7 vl

(Mp—my)? 3 my (6]2 _m2)2
Iy = I dq*5 —=HpH{ ——"—|pv|,

mz 4\/q

(54)

where Iy = 1/ (3712M2) Note that for R" s an addi-

tional factor of 7p, /tp should be included, as the decay-
ing D mesons in the leptonic and semileptonic decays
are different. We assume the coefficients to be real and
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solve for CCR, C‘ﬁk. The resulting expressions are the func-
tions C“ (R” ) and C% (R” 7*) Subsequently, we insert
Ch (R“ ,) and C“ (R“ ) in the expressions for the (semi)-

leptonlc branchlng fractlons and solve for the correspond-
ing CKM element. For the leptonic branching fractions, this
yields:

SnB(D(Y) — utvy) 172
|ch| = P 5 .
GEtpg, |l + BLCE(RY.)|

(55)

As there are two solutions for C g and C g, corresponding to
the either of the two vertical bands in Figs. 11 and 12, we
obtain two independent solutions for the each of the CKM
matrix elements. Using the form factors calculated in LQCD
[42], these results are equivalent at the current level of pre-
cision. In both cases, we obtain

|Veq| = 0.227 £ 0.037, (56)
[Ves| = 0.880 £ 0.115. (57)

Using the LCSR [43] form-factor information, we obtain the
following results:

[Vea| = 0.227 £ 0.027 V |Veg| = 0.227 +0.025,
(58)
[Ves| = 0.992 % 0.080 \ [Ves| = 0.993 & 0.066.
(59)

In Table 5, we list the values for the CKM elements obtained
in Sect. 2.2, denoted as Vyr, the values determined in the
presence of pseudoscalar NP, denoted as Vﬁ\g)CD and VFCPSR,
and the PDG values, denoted as Vppg. For both |V, ;| and
| Ves |, the obtained values allowing for pseudoscalar NP agree
with the SM and PDG values at the 1o level. This was to be
expected, as we did not find large deviations from the SM
when investigating NP contributions. Although our deter-
mined values have considerably larger uncertainties, the aim
here is to show how to properly account for NP in the deter-
mination of CKM elements. Interestingly, there are discrep-
ancies between our UT value and the PDG value assuming
the SM of 1.5¢ and 1.4 ¢ for |V.4| and |V, respectively.

6 Predictions for branching fractions

Now that we have constraints on the pseudoscalar NP coef-
ficients and determinations of the CKM elements at our dis-
posal, we may combine them to make predictions for the
following leptonic branching fractions that have yet to be
measured:

B(DT — eTv,), B(D} — etv,). (60)
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Table 5 The CKM matrix

NP NP
elements | V4| and | V| Vor Vigep Vicsk VDG
obtained in the present analysis
and their PDG values [30]. [ Veal 0.2242 + 0.0005 0.227 £ 0.037 0.227 £ 0.027 0.218 +0.004
Ay, and Ay, denote the 0.227 £ 0.037 0.227 £ 0.025
differences between the | Vs | 0.9736 4+ 0.0001 0.880 £0.115 0.992 £ 0.080 0.997 £0.017
mdl.ca.ted values in standard 0.880 + 0.115 0.993 + 0.066
deviations
Vioep — Vur Vidsg — Vur Vigep — Vepa Vidsr — VepG
Aol 0.07 0.09 0.24 0.31
0.08 0.10 0.24 0.34
Ay, 0.82 0.23 1.01 0.06
0.81 0.29 1.01 0.07
107 1073 T T T T T
—— LQCD
— LCSR
107° 1074 o
ICpl=3-107% |C5]=3-1073 \ /
+<D 1079 ‘q; 105k .
i [Cpl =107 T |Cl =107
+ tw
S S
Q Tk 4 Q
1075 3
|Cp| = 107*
icpl =107
10-3E. SM prediction i SM prediction
107 E
—0.015 —OI[)IO —0.‘003 0.000 0.(;0-5 0.(;10 0.015 —0.015 —0.‘010 —0.‘005 0.000 0.(;05 0.(;10 0.015
Ch %

Fig. 15 B(D(t) — eTv,) as functions of C%. The grey regions indicate experimentally excluded regions, while the red and green ones show the

allowed values for C9,

In the SM, these decays are strongly helicity suppressed,
as indicated by the smallness of the corresponding SM
predictions in Table 1. However, this suppression may be
lifted by new pseudoscalar interactions. This is shown in
Fig. 15. Here, the branching fractions B(D* — e™v,) and
B(D;f — eTv,) are plotted as a function of the coefficient
C f, . The labels “LQCD” and “LCSR” refer to the form-factor
information used to determine the relevant CKM elements in
the presence of pseudoscalar NP, given in Egs. (56-59). The
grey regions indicate the experimental upper bounds on the
branching fractions. In order to illustrate the sensitivity of the
branching fractions to the absolute value of C$,, the SM pre-
diction and three predictions for different values of |C{,| are
shown in each plot. We see that even a small value for |C?,|
has a potentially large effect on the branching fraction, which
is a direct consequence of the pseudoscalar NP contributions
lifting the helicity suppression in these decays.

At the same time, the obtained constraints on the NP coef-
ficients allow us to predict the branching fractions discussed
here in the context of different scenarios related to LFU vio-
lation. Let us consider the following scenarios:

e Ct =C g. This correlation is indicated by the dashed-
dotted lines in Figs. 11 (right) and 12 (right).

e CY = (m,/m,)C’. This correlation arises, for instance,
in the context of a type II Two-Higgs-Doublet model.

e C% > C',. We probe the impact of C% = 10C’, on the
relevant branching fractions.

o C) K Cﬁ. Similar to the previous scenario, but focusing
on the effect of setting C, = 10~ ! Cg for the correspond-
ing branching fractions.

We use the obtained constraints on Cg, given in Table 4,
and relate them to C¢ in each scenario accordingly. Sub-
sequently, we use the corresponding values for the CKM

@ Springer
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1071

— LQCD —— MCEIR = SM

1075k Experimental upper limit 4

B(D* — etr,)

1078 e
Ch=Ch 5 = (me/m,)Cly

Cp =10C} Cp=10"1Cp
Fig. 16 Predictions of B(DT — e™v,) for the scenarios discussed in
the text. The red and green bands indicate the LQCD and LCSR form-
factor information used. The grey line is the experimental upper limit,
while the dashed line is the SM prediction

1073

— LQCD —— ICBIR === SM

_10~*L Experimental upper limit 4
3

+Q.‘4

T 107 E
o — T

S

Q0L 4

1077
Ch=Ch Cp = (me/m,)Cl 5 =10CY Cp=10"1C%

Fig. 17 Predictions of B(Ds+ — e™,) for the scenarios discussed in
the text. The red and green bands indicate the LQCD and LCSR form-
factor information used. The grey line is the experimental upper limit,
while the dashed line is the SM prediction

elements, given in Table 5, and apply the results to Eq. (15)
to obtain a theoretical prediction for the branching fractions
B(Dt — etv,) and B(D;” — eTv,) in each of the scenar-
ios. In Figs. 16 and 17, we compare our predictions to the
corresponding SM predictions, where C;, = C g = 0. For
the SM prediction, the | Veq(s)| values obtained from unitarity
were used. The determination of the relevant CKM elements
using LQCD or LCSR form-factor information is indicated
by the red and green colours of the bars, respectively. Further-
more, the grey regions indicate the values that are currently
already excluded by experiment.

Itis interesting to see that in the case C}, = Cg in Fig. 16,
our predictions for B(DT — e™v,) are very close to the
experimental upper limit. For B(D;" — e™v,) illustrated in
Fig. 17, our predictions using either LQCD or LCSR based
form-factor calculations differ substantially, underlining the
importance of precise lattice information on the semilep-
tonic form factors. An observation of spectacularly enhanced
D(J;) — e™Tv, modes close to the current experimental limits
would be an unambiguous signal of physics beyond the SM.

7 Conclusions
We have presented a comprehensive analysis of (semi)-

leptonic D(,)-meson decays to constrain possible effects of
physics from beyond the SM arising from new (pseudo)-
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scalar, vector and tensor operators, allowing also for viola-
tions of LFU. The central role is played by various ratios of
decay rates that are independent of the CKM matrix elements
|Vea| and | Vg |. In the case of leptonic decays, the decay con-
stants cancel there and in the case of combinations of leptonic
and semileptonic decays, ratios of non-perturbative hadronic
parameters arise that are usually more precise than the indi-
vidual parameters.

We obtain a picture in agreement with the SM, including
a few deviations at the 1 o level. Following our strategy, we
may also determine | V4| and |V | from the (semi)-leptonic
decays in the presence of NP contributions. The correspond-
ing results are fully consistent with values arising from the
unitarity of the CKM matrix and the Wolfenstein parameter-
ization that do not involve any experimental input from the
charm system. We have identified various form factors with
interesting potential for future improvement through lattice
QCD calculations.

The leptonic D(J;) — e™v, decays are hugely helicity sup-
pressed in the SM. However, this suppression may be lifted
through new pseudoscalar interactions. Using the constraints
following from the interplay between leptonic D) decays
with muon or tau leptons in the final state and D — Vv,
decays, we illustrate that the branching ratio for D(“:) — etv,
may be hugely enhanced and could enter the regime close to
the current experimental upper bounds. A future observa-
tion of these modes would be an unambiguous signal of NP
effects.

We look forward to obtaining stronger constraints on pos-
sible violations of LFU in the charged-current interactions in
Dy, decays in the high-precision era of quark-flavour physics
which is ahead of us.
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A Form factors
Al1D— P

The form factors for D — P decays in the helicity basis are
defined as follows [25]:

2 2
Dy
Hy, = —fo<q ), (61a)
w]
p _ AP 2
Hy o= f+( ) (61b)
Hy . =0, 61c)
I
HY = — fo(g?), (61d)
[ ]
Hf =0, (61e)
)»P(q2) 2
HE = (g%, (61f)
r Mp,, +mp Jrlq

where i.p(q%) = [(Mp, —mp)* =q*Il(Mp, +mp)’> —q?].
For our calculations, we adopt the z-series parametrization
from Ref. [38]. For the D — m case, the scalar and vector
form factors are given by

FP=m0) + P27 (2 — z20)(1 + Lz + 20))
D—m, 2\ _ + 2
(62)
P27 0) + P72 — 2001 + 2z + 20)
D—m, 2 2
fo q°) = T~ Psg? ,
(63)

where z9 = z(0, tg ). In the case of D — K transitions, the
scalar and vector form factors are parametrized as

fP=KO0) + 27Kz — 2001+ 2z + zo))

Table 7 Fit parameters for fr in the z-series expansion [39]

Decay fr(0) cr Pr (GeV)~2
Do 0.5063 (786) —1.10 (1.03) 0.1461 (681)
D—> K 0.6871 (542) —2.86 (1.46) 0.0854 (671)

Table 8 LQCD fit parameters for the D — p and D — K* form
factors, taken from Ref. [42]

Decay Form factor F(0) mrla™]

0.05 0.07

D—p Ao 0.707093 mé = 0.60709]
Ay 0.637000 méd = 11793

+0.10 d +0.09

A> 0.517919 m$d = 0.441002

v 0.957019 méd = 091793

D — K* Ao 0.7570% mgs = 0.59100
Ay 0.707997 m$ = 11703

+0.10 5 +0.16

Az 0.667( 12 m$S = 0.4610 05

0.30 5 0.24

14 101703 mSS = 0.8577%

For the tensor form factor, we use the lattice calculation
of Ref. [39]. Here, f7 is parametrized in the following way:

SP7TO) + 27 (2 — 20)(1 + 5 (2 + 0)

D—m, 2
fr @) = T
(66)
pok, 2 JETKO) + 7K@ — 2001+ 3z +20))
T @)= = PPk .
(67)

The fit parameters are given in Table 7.

A2D -V

The non-zero form factors for D — V decays in the helicity

I +D ~fg? = 2 basis are defined as follows [25]:
1—¢q /M :
(64)
Vav(g?)
1 HY . = (Mp +my)Ai(gH) F ~——""V(g>, (68a
K@) = 1RO + R ) (145 e+ zg), v T Mo FmIA@O T, Tn V@D, 05
65) v _MD+mv[ M2 — M2 — ) A (g
=—| - - —q7)A1(q7)
V,0 2MV\/C? D 1%
where zg = z(0, 1&). The fit parameters are listed in Table Av(g?) Ao (2
6. ———— A7) |, (68b)
(Mp + my)
Table 6 Fit parameters for fj, ) 2
f+ in the z-series expansion Decay o Py (GeV) co Ps (GeV)
[38] D7 0.6117 (354) — 1.985 (347) 0.1314 (127) —1.188 (256) 0.0342 (122)
D— K 0.7647 (308) —0.066 (333) - —2.084 (283) -
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Table 9 LCSR fit parameters

F(0) ar br
0.590+0.931 0447004 0.2026'%3
0.52870.0%¢ 091794 ~LO17g3
~0.528% 036 0.913557 —1.0136%
0.735+0.032 0.48 01! 22550%
0.601+9.030 0.51,9% 0.04551
0.541+0:038 0.91759% —0.68705]
05411003 091500 068793}
0.796+0:932 0603093 153305

forthe D - pand D - K* Decay Form Factor
form factors, taken from Ref. D— A
[43] P 1
Az
Az
|4
D — K* Ay
An
Az
\%
rv(g?)
Hy, = o Ao(g?), (68¢)
)\V(qz) 2
HY = Y2V T 74 , 68d
P e + my 0(g?) (63d)
1
Hi y = —[ & M} - )T + v @@ .
’ 2
q
(68e)
1 av(g?)
v — (M2 43m2 —aVT (a2 et
0= gy [ (M +3mY =) T2+ 25 =5 T30
(68f)

where &y (¢*) = [(Mp —my)* = ¢*I(Mp +my)* = ¢°].
We use the lattice determination of the D — pand D — K*
semileptonic form factors from Ref. [42]. The ¢ dependence
is obtained through a single-pole parametrization:

o VO o Ao0)
V(q ) - 1 _ qz/mz_ ’ AO(q ) - 1 _ qz/mg_ ’

2N Ai(o)
Al (CI ) - 1 _ qz/m%+ ’ (69)

where i = 1,2, 3 and m ;r denotes the mass of the meson
with spin J and parity P corresponding to the relevant quark
transition, i.e., cd for D — o and ¢s for D — K™*. The
values for the parameters are given in Table 8. The masses
are listed in units of the inverse lattice spacing, which is given
by a~! = (2.73 + 0.05) GeV. The form factor A3 is related
to the form factors A and A» in the following way:

Mp+m Mp —m
M%) = =5 =A@ = =g, (0)

2my 2m

We complement the lattice calculation with the LCSR cal-
culation of Ref. [43]. This work dates back to 2006, but there
exists a more recent determination of the D — p form fac-
tors [45]. In this analysis, the massless lepton limit is taken,
neglecting the form factor Ag. In our study, we investigate the
difference between different lepton flavours, therefore requir-
ing information on Ag. We therefore utilize the form-factor
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information of Ref. [43], where the following double-pole
parametrization was adopted:

F'(0)
I —apiq?/Mp, + bpi(g?/Mp )

Fi(¢®) = (71)

with F' denoting any of the form factors Ay, As, A3 or
V. Here, a different convention is used: instead of the set
{Ao, A1, Az}, the hadronic matrix elements are parametrized
by the set {A1, Az, A3}. The relation between the different
conventions is given by [46]:

2y _ 1 2
Aolg?) = 5| (Mp +m) A1)

q2

—(Mp —my)Ar(g?) — —L
(Mp v)A2(q7) Mp Emy

3D
(72)

The results from LCSR for the fit parameters for D — p and
D — K* transitions are listed in Table 9.
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