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We systematically analyze the full angular distribution in D — P P,IT1~ decays, where Py, = 7, K,
| = e, u. We identify several null tests of the standard model (SM). Notably, the angular coefficients /5 7,
driven by the leptons’ axial-vector coupling C (12, vanish by means of a superior Glashow-Iliopoulos-Maiani
(GIM) cancellation and are protected by parity invariance below the weak scale. CP-odd observables
related to the angular coefficients /5459 allow us to measure CP asymmetries without D tagging. The
corresponding observables As ¢ g o constitute null tests of the SM. Lepton universality in |Ac| = |Au| = 1
transitions can be tested by comparing D — PPy~ to D — P, P,e"e™ decays. Data for P\P, = n' 7~
and K"K~ on muon modes are available from LHCb and on electron modes from BESIII. Corresponding
ratios of dimuon to dielectron branching fractions are at least about an order of magnitude away from
probing the SM. In the future electron and muon measurements should be made available for the same cuts
as corresponding ratios RL,?] p, provide null tests of e-u universality. We work out beyond-SM signals

model-independently and in SM extensions with leptoquarks.

DOI: 10.1103/PhysRevD.98.035041

I. INTRODUCTION

Rare charm decays are notoriously challenging theoreti-
cally, yet offer singular insights into flavor in the up-quark
sector [1]. With standard model (SM) branching ratios of
|Ac| = |Au| = 1 modes in the 1077-107% (semileptonic)
and 107%-10~* (radiative) range, precision studies are
feasible at the experiments LHCb [2], Belle II [3] and
BESIII [4]. In view of the substantial hadronic uncertainties
there are three main avenues to probe for beyond the
standard model (BSM) physics in charm: (i) a measurement
in an obvious excess of the SM such as the D — zu™pu~
branching ratio at high dilepton mass [5]—a window that
can be closing soon [6], (ii) extract the SM contribution
from a SM-dominated mode and use SU(3), e.g., recently
demonstrated for D — Vy, V = p, K*, ¢ and D ;) — Knzy
decays in [7] or (iii) perform null tests of (approximate)
symmetries of the SM. The latter includes searches for

“stefan.boer@kit.edu
‘ohiller@physik.uni-dortmund.de

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2018,/98(3)/035041(13)

035041-1

lepton-flavor violation (LFV), CP violation, or lepton
nonuniversality (LNU).

In this work we consider angular observables, and LNU
tests in semileptonic rare charm decays into electrons and
muons. Exclusive semileptonic 3-body charm decays have
been studied in some detail in the decays D — It~ [6,8]
and D — pl*I~ [1,8,9] within QCD factorization (QCDF)
[10]. Previous theory works on the four-body decays
D — P{P,I"I", P, = x, K highlight T-odd asymmetries
[11,12] or the leptonic forward-backward asymmetry [12],
however, a systematic analysis of the virtues of the full
angular distribution at par with the corresponding one in B
decays [13] is missing. Modes sensitive to BSM physics in
semileptonic transitions are

D° » ztz=Itl=, DY — KYK-ItI~,
Dt — KTK°I*I-, (1)
D, - Kt2°I*I-, D, - K°z*I*I",
which all are singly Cabibbo suppressed. We do not
consider D — 7+ 7%l decays because isospin-conserving
BSM contributions, such as those we are interested in this
work, drop out in the isospin limit. However, this mode can
complement SM tests in hadronic 2-body decays of charm
[11,14-16]. Experimental results on four-body decays exist
from LHCb for branching ratios [17] of D° decays into
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muons and from BESIII for upper limits on branching
ratios [18] of D, D™ decays into electrons.

The aim of this work is to study the angular distribution
in D — P, P,I"I~ decays on and off resonance, and to work
out opportunities for BSM signals. Related distributions in
B — Knl*l~ decays have been analyzed in [13]. We
describe nonresonant contributions with an operator prod-

uct expansion (OPE) in 1/Q, QO = {\/? m.}, applicable
at ¢> = O(m?) and detailed for B — VI*[~ decays in [19].
Here, ¢° denotes the dilepton invariant mass squared, and
m, is the charm mass. D — P; P, form factors are available
from heavy hadron chiral perturbation theory (HHyPT)
[20]. To capture the phenomenology we model resonance
effects, which dominate the decay rates, assuming factori-
zation and vector meson dominance, as in [12], amended
by data [17].

Despite the significant hadronic uncertainties there are
features in the SM which are sufficiently clean to warrant
phenomenological exploitation of semileptonic rare charm
decays: negligible contributions to axial-vector lepton
coupling, C(lg, and the suppression of CP, lepton flavor
and lepton universality violation. Our proposal to test the
SM with D — P, P,I"1~ decays is based on these features,
which allow us to perform null tests and to identify new
physics. An interpretation in terms of BSM couplings,
however, will again be subject to hadronic uncertainties.

This paper is organized as follows: In Sec. II we review
the weak Lagrangian, SM values and constraints on |Ac| =
|Au| =1 couplings. The D — P, P,I"I~ angular distribu-
tion is given in Sec. III. Phenomenological resonance
contributions are discussed in Sec. IV. BSM signals are
worked out in Sec. V, where we also discuss LNU-sensitive
observables, probing BSM interactions which distinguish
between electrons and muons. In Sec. VI we conclude.
Auxiliary information on D — P;P,[T[~ matrix elements
is given in the Appendix.

II. WEAK LAGRANGIAN

We consider BSM effects in the semileptonic operators,
Qo = (y,Pre)(ly*l), Q4 = (@y,Pre)(lr*D),  (2)
Q10 = (uy, Prc)(Iy'ysl),  Qlo=(iy,Pre)(ly'ysl).  (3)
Qs = (aPge)(1l), QY = (aPpc)(1l), (4)

Qp = (aPgc)(lysl). Qp = (@Ppc)(lysl). (5)

0r=4(ic™c)lo,l).  Qps=3(i0"c)lo,ursd). (6)

in the effective Lagrangian

4Gra, 2
E(\;vf?ak F ( Z V uq Z CZQE‘I)
q=d.s i=1
+ Y (ciQi+c;Q;)+CTQT+CT5QT5>, (7)
i=9,10,S,P

where G is the Fermi constant, @, denotes the fine
structure  constant and V;; are Cabibbo-Kobayashi-
Maskawa (CKM) matrix elements. P;, Py denote left-
and right-chiral projectors, respectively.

In the SM, the four-quark operators QY”Z) ~
(ty,PLq)(qy"Pc) give rise to the dominant contributions
to the branching ratios in |Ac| = |Au| =1 decays. The
Wilson coefficients of the BSM-sensitive operators given
in (2)—(6), on the other hand, are subject to an efficient
GIM-cancellation, and suppressed. At the charm mass scale
1 = m, at next-to-next-to-leading-order [6,21,22],

|C$ff| ~((0.001), ‘Cgfqhighqz <0.01, C?S{IS,P.TATS =0.

(8)

Here, the coefficient of the dipole operator Q; =
%< (@0, Prc) F*, where F* denotes the electromagnetic
field strength tensor, is also given for completeness. The
effective coefficients Ceff equal C; 9 up to matrix elements
of 4-quark operators Wthh relax the GIM cancellation,
thus being the dominant contribution [6,22] and inducing a
g* dependence, see [23].

In addition, all primed coefficients C are negligible in
the SM. Experimental constraints, available from the upper
limit on the D™ — z"u*u~ branching ratio, and D° — p%
are presently very weak, at least about 2 orders of
magnitude away from the SM [6,24]

€l 50.1,
(9)

V<03, |CVIS1 |Cras| ST

see [6] for correlated constraints. Corresponding con-
straints on ¢ — uet e~ processes are about a factor 2—4
(5 times for Cy 1) weaker than the ones in (9) on dimuons.
Constraints on LFV processes ¢ — ue*u™ are 6-7 times

(4 times for Cg?,,) weaker than the dimuon constraints. To
discuss LNU or LFV, Wilson coefficients and operators
become lepton-flavor dependent. To avoid clutter, we
refrain from showing lepton-flavor superscripts throughout
this paper.

III. FULL ANGULAR DISTRIBUTION

In Sec. IIT A we discuss the full angular distribution for
D — P, P,I"I~ decays and identify SM null tests that exist
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thanks to the extreme GIM suppression in charm. In
Sec. Il B we give the angular distribution in the low
hadronic recoil OPE, which defines a factorization-type
framework at leading order in 1/m,.. To estimate
possible BSM signals, which involve SM-BSM interfer-
ence, we need to estimate SM contributions to decay
amplitudes as well. The phenomenological description of
the dominant resonance-induced contributions is detailed
in Sec. IV.

A. General case

The D — P, P,I"I~ angular distribution, with the angles
0;, Op,, ¢ defined as in [25] taking into account footnote 2
of Ref. [26], can be written as

1
ST — E 2 2
dr_2ﬂ|: ci(9[’¢)li(q > P ’COSHPI)

x dg*dp*d cos Op d cos 0,dep, (10)

where ¢, p? denotes the invariant mass squared of the
dileptons, (P P,) subsystem, respectively, and

=1, ¢y = €08 26, c3 = sin®6, cos 2¢,

¢4 = sin 26, cos ¢, c5 = sin; cos ¢,
¢7 = sin @, sin ¢,

co = sin’@); sin 2¢.

cg = cos b,

(11)

cg = sin 26, sin ¢,

0; denotes the angle between the /~-momentum and the
D-momentum in the dilepton center-of-mass system (cms),
Op, is the angle between the P;-momentum and the
negative direction of flight of the D-meson in the (P, P,)
cms, and ¢ is the angle between the normals of the (P P,)
plane and the (/) plane in the D rest frame. The angles are
within the ranges

—l<cosfp <1, —l1<cos§ <1, 0<¢p<2z. (12

P, is the meson that contains the quark emitted from the
semileptonic weak iicll vertex. For instance, P, = n and
P, = K" in the D°, DT decays in (1).

The angular coefficients 1; = I;(¢*, p*,cos0p ) are
given in terms of transversity amplitudes’ as

'No tensor and no (pseudo)-scalar operators included, and for
vanishing lepton mass.

1
I =1¢ [IH&H (L—>R)
3 2 2 2
Esm Op, {|H%| —HH >+ (L - R)}|,
1 L2
== R+ (L~ B
1
—ymwwvﬂﬂﬁuﬁmﬁ
= L (L -

[HEP + (L — R)Jsin’0,.

1
I, = -3 [Re (HLHﬁ*) + (L = R)]sin6p,,
1
Is = —Z[Re(HéHﬁ*) — (L = R)]sin6p,,
1
[Re(HﬁHL*) (L - R)]sin’0p,,

1
I, = v 7 [Im(HGH|*) = (L - R)]sin0p,,

1 .
18 = —g[Im(HéHi*) =+ (L - R)] Slnepl,

1
Iy = — [Im(HL*HL ) +

=3 i (L - R)]sin’*@p, .

(13)
The subscript O, || and L stands for longitudinal, parallel
and perpendicular polarization, respectively. Here, L, R
denotes the handedness of the lepton current. In the SM
electromagnetically induced contributions dominate ¢ —
ul™[~ transitions due to the GIM mechanism (8). Hence, by
inspecting the relative signs between the left-handed and
the right-handed contributions in (13), it follows that /5 ¢ ;
constitute null tests, as they require axial-vector contribu-
tions to be nonvanishing.

One may wonder about backgrounds to I5%, = 0.
Intermediate pseudoscalar resonances D — P;P,n* —
P, P,I"I~ induce a contribution to pseudoscalar operators
Qp not included in (15). The impact can be read off from
the D — V(- P;P,)l"l~ angular distribution [26]:
Contributions from Cp to I54; require the presence of
tensor operators. Similarly, lepton mass effects pose no
challenge to the null tests, as finite m; contributions require
the presence of scalar or tensor operators, which are both
negligible in the SM (8). Finite SM contributions to axial-
vector couplings are expected to arise from higher order
electromagnetic effects. For instance, a 2-loop diagram

with an insertion of Q(lqz) with two photons induces a
contribution at the relative order a,/(4x), about permille
level. We estimate contributions from electromagnetic
operator mixing as C;y < 0.01Cy [23,27,28], which is
small, at most 10~* in the SM (8). As will be shown in
Sec. VA, order one BSM contributions are needed to
generate finite angular coefficients up to few percent.
Therefore, higher order effects are of no concern to the
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null tests /5 ¢ ; within the accuracy that can be achieved in
the foreseeable future, 3%(1%) at Run II (upgrade) on
D° — zta~utu~ asymmetries at LHCb [29]. We learn that
angular analysis in charm is simpler than in B decays
because charm is dominated by resonances.

Integrating (10) over ¢, cosd; and both, respectively,
yields the decay distributions

‘v
dq*dp*d cos0p dcos 6,

=1, + I,co0s20, + I5cos 0,

(14)

d‘r 1 I, =« 7
— (=247 Tl si
dq?dpd cos Op di 7r< 13 T glscosdtylhsing

2 2
+§I3 cos2¢ + 519 sin 2(/5), (15)

d’r I
dgq-dp=dcosOp, 3

The forward-backward asymmetry in the leptons, Apg o I
can be obtained from asymmetric cos @, integration

1 1 0 d‘r
Ie== / dcosGl—/ dcost;| ——— .
21 Jo _1 dgq-dp*dcosp dcost,

(17)

The observables I; and /5 can be obtained, for instance, as
follows:

I, = /ﬂdd;—/zﬂdqﬁ ' (18)
T Lo ,, dgq*dp*dcosOp dp’

/2 37/2 d41“
Is = d¢ — d . 19
> [/—n 2 0 L/z 4 dq*dp*d cos 0p de (19)

Methods to get angular coefficients for P-wave contribu-
tions are given in [25].

At the kinematic end point of zero hadronic recoil the
following exact relations hold [13]:

Il+[2
L, =———=
3 3 s
I + L) (I, = 31
oo o o

The corresponding observables of the CP-conjugated D
decays are given by Ij5347 = I 12347 and Isgg9 —
—I5¢g9, where I equals I with the weak phases flipped.
In D decays, 0, is the angle between the /~-momentum and
D-momentum in the dilepton cms, 0p, is the angle between
the P,-momentum and the negative D-momentum in the

(P, P,) cms, and ¢ the angle between the (P;P,) and (/])
planes. We keep the definition of P, from D decays for
D decays.

The observables 15 g ¢ are (naive) T-odd and correspond-
ing CP asymmetries are not suppressed by small strong
phases. The observables /5449 are odd under the CP
transformation. Therefore, if distributions from (untagged)
DY and D° decays are averaged one measures a CP
asymmetry, A;, k=5, 6, 8, 9. Due to the smallness
of V&, V./(ViV,s) these constitute null tests of the
SM. Note that time-dependent effects in angular observ-
ables [25] are suppressed by the small D° — D° width
difference [30].

B. OPE and factorization

At leading order low recoil OPE, long- and short-
distance physics factorizes as follows [13]:

I 3 ]
=3 ['folzpf+551“291°1{|f|2ﬂl +|ﬂ|2p1+}]’

1 1. -
I :—g [|.7'-0|2p1_—581n2(9pl{|f‘|2p] + |-7:J_|2P;r}:| 7
L=_[|F LPpif = |FPpy]sin®0p,

0| —

Iy= —%Re(fofﬁ)pl‘ sinfp,,

Is=[Re(FoF 7 )Repy +Im(FoF' )Imp;]sindp,,
Ig=—[Re(F | F )Repy +Im(F | F' )Imp;]sin’6p .
I; :Im(fofﬁ)épsinepl,

1 .
Iy :E[Re(fofi)lmﬂg—Im(fofi)Reﬂﬂ sinfp,,
1 .
I zi[Re(}"l}"‘*‘)Imp;’ +Im(F | F|)Rep; Jsin*0p,, (21)
where the short-distance coefficients read
pi = |C§T £ Co? +Cro £ Ci |,
op = Re[(cgff - C5)(Cio = Chp)*]s
Rep; = Re[G5"Cl — CyC,
tmp§ = Im(CloCly + CHC5™,
1
Rep; =5 [IC10l* = [Crol* + ICET> = [Co[],
Imp; = Im|[C}(C5™ — €14 C5]. (22)

As we are anticipating BSM contributions to semileptonic
operators (2), (3) only2 we dropped the contributions from

*BSM effects in dipole operators can be tested in radiative D
decays, e.g., [7,24,31].
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dipole operators, which enter as o (m.mp/q*)Ct for
clarity. Full formulas can be seen in [13]. We explicitly
checked that contributions from dipole operators are
negligible for the purpose of our analysis.

The transversity form factors F;, i =0, L, || can be
written as

{/1'/2 2, p*.cosOp )
1 2 \41/2

+—{(mp, —mp, )2

— (m} — ¢* = p*)A/* cosbp, }

cos )|

(g% P,
nr\l P 2W_q p COSQP )7
“r\/ q—2 (¢*, p*,cosbp,),
GFae
nr:27714mD
2

Here, 2 = A(mjp,. q*, p*) and 1, = A(p*, mp, . mp, ), where
Ma,b,c)=a*+b>+c? —2(ab+ac—|—bc). The D - P, P,
transition form factors are defined as

8]
’B

(23)

(P1(p1)P2(p2)|uy, (1 —s)c|D(pp))

= i[wyp, +w_P, + rq, + ihe,uz phpP P'], (24)
(P1(p1)P2(p2)liiq"6,, (1 +vs)c|D(pp))
= —lmD[W;pﬂ + W/_P + rlq” + ihlgﬂaﬂyp%pﬂpy}’
(25)

where the right-hand sides have to be multiplied by an
isospin factor of 1/1/2 for every neutral pion in the final
state and we tacitly suppressed the dependence on ¢?, p?
and cos @p, in the form factors. Here, ¢* = P+ ph pt =
P+ ps=phH—q" and P* = p/ — p5. Since the dipole
operators in the SM are negligible and we do not consider
BSM tensor operators, the dipole form factors (25) are
not needed for our analysis. () does not contribute to
D — P,P,I"I~ decays for m; = 0.

The relevant nonresonant D — P, P, form factors w, h
are available from HHyPT [20]. Numerical input is given in
the Appendix. Note that HHyPT applies if the participating
light mesons are sufficiently soft. We find that £, — m, in

3(Pseudo)-scalar operators would also require r,
(P1(p1)P2(p2)|a(1+75)c|D(pp))=i/mc[w, p-g+w_P-q+rg?].

the D-meson’s cms in D — zz~ [T~ decays does not
exceed 0.4 (0.6) GeV for g*> above mi (m2), where E,
denotes the energy of any of the pions in the D cms. The
region above mé is kinematically closed for D —
KTK~ITI~ decays. In these decays Ex —mg in the D
cms does not exceed 0.3 GeV for all g%, where E denotes
the energy of any of the kaons in the D cms. Although
formally they are limited to low hadronic recoil we use the
HHyPT form factors in the full phase space also for D —
xtx~It]~ in absence of other estimates. While this pro-
cedure leaves room for improvement, it does not invalidate
the null test feature of the observables we discuss as a probe
of BSM physics.

We use this prescription, factorization plus HHyPT form
factors, for the BSM short-distance contributions from
4-fermion operators (2), (3) to estimate BSM signals in
the whole phase space for both zz and KK modes. In Fig. 1
the ¢, p2-phase space for D® — 7tz 1" 1~ (plot to the left)
and D° — K*K~I*I~ decays (plot to the right) is shown
with dominant resonances. The OPE formally applies for
g* = O(m?2). This is approximately the region above the ¢
peak in D — ztx7IT]~ decays, and nowhere in
D — K*K~I"I~. QCDF at least formally works for p? =
O(A?) and p? ~ ¢, that is, when the (P, P,) system is light
and energetic in the D cms, see also [32]. While QCDF
therefore can be used in D° — 7272~ I71~ for low g7, this
region is mostly occupied by resonances. In D —
KTK~ITI~ with p2. ~1 GeV? there is little room left.
For p?> = O(m?) the dilepton system is soft in the D cms. A
related discussion of phase space has been given in [33] for
B — zrzlv decays. Due to the lower value of the heavy
quark mass the phase space in charm is much more
compressed than in b decays.

IV. RESONANCE CONTRIBUTIONS

Several resonances contribute to D — P P,I" [~ decays.
First we consider resonances in the (P; P,) subsystem, that
is, in p?. Depending on the spin j=0,1,... of the
resonance, such contributions are termed S, P, ... wave,
respectively. Due to the lower mass of the D-mesons
relative to the B ones, there are fewer resonances and ones
with lower spin contributing in charm. Lowest lying
resonances with sizable branching ratios into zz are the
p and scalars 6 = f((500) and f(980). At spin 2 there is
the f,(1270). For K™ K™, it is essentially the ¢, and for K=
there is the K*(892), the scalars x and K{(1430) and the
spin 2 resonance K3(1430).

We model the resonance structure in p?> for D° —
xt a7~ decays by the p contribution, which is dominant
at least in the wider vicinity of p*~m’. D — p form
factors are taken from [34], see the Appendix. D waves and
higher are phase space suppressed relative to the p and
contribute to small ¢*> < 0.4 GeV? only. Further study
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D°—>n+rrp+/.r

0.0 0.5 1.0 1.5 2.0 25
q° [GeV?]

FIG. 1.

DP—>K+K-p -

25

2.0

p? [GeV?]

a,(1320)
£,(1270)

1.5

1.0

0.1 0.2 0.3 0.4 0.5 0.6 0.7
q° [GeV?]

Phase space and dominant resonances in ¢ and p? for D® — z* 7~y u~ decays (left) and D° — K+ K~ u*u~ decays (right).

The bands correspond to (mass & width)?. The very wide scalar resonances f(500) and f(980) would fill everything below the f in

the 7z plot and are not shown.

including scalar contributions, which are rather wide and
less known, is beyond the scope of this work, which aims at
identifying null tests and illustrating the sensitivity to BSM
physics. We stress, however, that since there is no S-wave
contribution to I369 [13] these angular coefficients are
unaffected by scalars. In addition, the S-P interference
terms in /,57g can be separated from the P-wave con-
tribution by angular analysis, therefore scalars can be
experimentally subtracted in these coefficients.

The other type of resonances contribute in g> as
D — P\Pyy*, v — IT1~ via o, p°, ¢ and ). We model
these contributions with a phenomenological Breit-Wigner
shape for Cy — CX for vector and Cp — CB for pseudo-
scalar mesons [6,8]

) 1 1 1
CR =g e -
’ e <q2 - m/zi + im/)r/) 3 q2 - mg) + immrm)

a,/,e”s(ﬁ

q* - mé +imyl'y ’
a,e™n a,
C} = 5 + ! : 26
P q* - m,27 +im, L, q* - mi, + imy Ly (26)

where m,,, I'); denotes the mass and total width, respec-
tively, of the resonance M = 11<’), p°, , ¢, and we used
isospin to relate the p to the . Corresponding transversity
form factors are given in the Appendix, Eqgs. (A2)—(AS5).
LHCb [17] has provided branching ratios in g bins around
the resonances p/w and ¢,

B(D° — ”+ﬂ_ﬂ+ﬂ_)|[o.565—0.950] Gev = (40.6 +£5.7) x 1075,
(27)

B(D° — ”+”_ﬂ+/4_)|[0.950—1.100] Gev = (45.4+5.9) x 1078,
(28)

B(D® = K*K 1 )| [20.565 cev = (12.0 £2.7) x 1075,
(29)

where we added uncertainties in quadrature and neglected
correlations. The resonance parameters in Cg, are in
general p? dependent. We assume that the dominant p?
dependence is taken care of by the p line shape specified in
the Appendix such that the a,, are fixed by (27), (28) at

2 2.
PR my:

az’ ~0.3 GeV?, az™ ~ 0.7 GeVZ. (30)

For M=3" we use B(D’— atn M(— utu)) =~
B(D® - Mrta~)B(M — ptu~) and take the right-hand
side from data [35] together with B(y' — u*u~) ~ O(1077)
[35,36]. We obtain

ai™ ~0.001 GeV?, a," ~0.001 GeV2.  (31)
To implement the pseudoscalar contributions we employed
the D — pl*[~ distributions that can be inferred from [26].
We note that fitting M = p°, ®, ¢ in the zero-width
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TABLE L

Branching ratios for D — ztz~I171~ and D° - K*K~[*]~ from data, LHCb [17] (I = u) and BESIII [18] (I = e), our

evaluation, resonant and nonresonant, and [12]. Upper limits are at 90% CL.

Branching ratio DY = ata

DY — K¥K~ptu~

DY — gta=ete DY > KTK ete

LHCb [17]' (9.64 £ 1.20) x 1077 (1.54 +0.33) x 1077
BESIII [18] . e <0.7 x 107 <1.1 x107?
Resonant ~1x107° ~1x 1077 ~107° ~1077
Nonresonant 10719-10-° 0(10719) 10719-10-° O(10719)
[12] ~107° ~1077 ~1076 ~1077

"Statistical and systematic uncertainties are added in quadrature.

approximation [35] and using 2 x B(D° — p°p°) x
B(p® — utu~) for the p°, one obtains parameters consis-
tent with (30), with a, somewhat below the isospin
prediction a,/3 as already noticed for D* — 7" u*u~
[6]. The strong phases 6, remain undetermined by this
and introduce theoretical uncertainties.

The situation in the D° — K*K~[*]~ channel is different
as the obvious resonance, the ¢, is not produced through a
significant form-factor-type contribution in D decays. The
small uiz admixture in the ¢ should give approximately few
percent of the corresponding p — zz amplitude. Similarly,
lowest lying mesons with larger uzz content, f,(1270),
a,(1320), decay with about 5% branching ratio to KK,
which again is a correction. The dominant contribution is
expected to originate from annihilation topologies
D° — ¢(— KTK™)y*, recently discussed in [10] for D —
pl™1~ decays within QCDF. Here we continue following a
phenomenological approach, as in [12], based on factori-
zation and vector meson dominance, and use

o (@)¢(p)|C1 OV + €08 1D°(pyy))
~ C8|o o - (V(@)|ip"PLclDY(pp)) ((p)[57,510),
(32)

where V = p°, o, and we neglect differences between the
D —p and D — @ form factors. The corresponding
amplitude in D — 7"z~ IT1~ decays, that is, when the p°
which decays to zt 7z~ is created at the weak vertex rather
than through a form factor, is effectively included in our
prescription with resonance parameters fixed by data—
allowing for the extra amplitude would merely result in
refitting a" and af,f”.4 Specifically, for D° — K*K~I+1~
decays we use clg as in (26) with a;, =0, and the
transversity form factors Fy given in the Appendix. The
¢ line shape is parametrized by a Breit-Wigner distribution.
To include the contribution from i — [*[~ we use

*There is a subtlety here, because the two contributions have
slightly different p> behavior from the form factors. Since these
are slowly varying functions, as opposed to the Breit-Wigner
resonance shapes, this is a negligible effect within the uncer-
tainties and the purpose of this work.

(" (@p(p)|C1OY + 08 ID°(py))
~CEla, =0~ (n(q)ar"Prc|D°(pp){(d(p)I57,s10).  (33)

Note, the 7' is kinematically forbidden. We then obtain
from (29) and the zero-width approximation for the # [35]
ak® ~0.5 GeV?, ak® ~0.0003 GeVZ.  (34)

In Table I branching ratio data on D° — z*z~[*~ and
D° — K*K~I*I~ decays from LHCb [17] and BESIII [18]
are shown, together with our evaluation for resonant and
nonresonant branching ratios, and the predictions from
[12].5 In Fig. 2 we show the differential branching ratio
dB/dq* for §, — 5, = = (red solid curve) and 5, — 5, = 0
(red dotted curve). The p/w-¢ interference matters in the
regions around the resonances. The #) contributions are
subleading. The purely nonresonant—neither g> nor p?
resonances are included—SM contribution (blue band) is
much smaller than the resonance-induced distributions
except for very low ¢°. This remains true with BSM
couplings (long-dashed purple curve) as illustrated for a
maximal scenario C5°M =1 (9). We learn that, unlike
presently in D — mu*pu~ decays, in the branching ratio of
D — zautu~ decays and with nonresonant form factors
(A1) there is no room left to probe BSM physics in the high
g* region above the ¢. In Fig. 2 we also show the prediction
by [12] (green dashed curve). The rise of the branching
ratio at very low ¢* in [12] is due to the onset of
bremsstrahlung, computed using an extrapolation of
Low’s theorem [37], an effect which will be more pro-
nounced for electrons as lower values of ¢> can be
accessed. We recall that the soft photon approximation
holds for photon energies up to m3/Ep [38], P =z, K,
which limits its controlled use to ¢g> < 0.1 GeV? in D° —
KTK=I*I" and to ¢> £0.001 GeV? in D -zt ete”
decays. As it is a small effect on the D° — P, Poutu~
branching ratios, and except for the difference in phase
space a lepton universal one, we refrain from including this

>There is a sign error in Eq. (25) of [12]: the relative sign
between the p and the @ contributions from isospin must be
negative, as in our (26).
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FIG. 2. The differential branching ratio dB(D° — "z u*pu~)/dq* (left) and dB(D° — K*K~p*pu~)/dg? (right) in the SM for
central values of input. The lowest curve (blue solid) corresponds to the nonresonant prediction including uncertainties from m,./ V2 <
i < \/2m, represented by the band. The long-dashed purple curve illustrates the impact of CBSM — 1 on the nonresonant distribution.
The resonance curves are our evaluation for 6, — 6, = x (red solid), as from SU (3)p, and 6, — 64 =0 (red dotted) to illustrate
uncertainties related to strong phases, compared to the model [12] (green, dashed). The latter employs fixed 6, — 5, = 7 and the relative

sign between the p and the w is as in (26), see footnote 5.

effect in our numerics. We comment on bremsstrahlung in
the discussion of LNU in Sec. V C.

So far we discussed D° — zt7z7[T/~ and D° —
K*tK~I"I~ decays. The former is special as it is the only
one from (1) with a proper distribution at high ¢*> above the
¢. The latter decay is special as it is the only mode from (1)
which only proceeds through the annihilation-type top-
ology. On the other hand, the decays D* — K+K%I*[~ are
expected to have a more pronounced nonresonant contri-
bution in p? as the presumably leading resonance in K K°
is a,(1320), with only a small branching ratio to KK. The
rare, semileptonic 4-body D, decays are somewhere
between the two D decays, with contributions from both
topologies, however, with color-enhanced annihilation at
q* ~mj and mi(,). We stress that we employ such a
phenomenological description only to obtain BSM signa-
tures, worked out in the next section. The SM predictions,
that is, specific observables being null tests, are indepen-
dent of the resonance model.

V. BSM SIGNATURES

In this section we work out BSM signatures of SM null
tests model-independently and in BSM scenarios with
leptoquarks. For null tests related to the angular observ-
ables Is5_q largest effects are expected from SM-BSM
interference near the resonances p/w and ¢. The depend-
ence on the semileptonic |Ac| = |Au| = 1 coefficients can
be taken from (21), (22).

In Secs. VA and VB we study the angular null
tests /57 and CP asymmetries, respectively. In Sec. V
C we discuss ratios of dimuon to dielectron branching
ratios as a probe of LNU. LFV branching ratios are worked
out in Sec. V D.

A. Angular null tests I5 ¢ ;

We define integrated null test observables, normalized to
the D — P,P,I"1~ decay rate T,

1 [mo—/aP [
o) (D) =~ / Ve / deosOpls(q2 pr.cosdy).
4 _

r m |
(35)
1 [(mp=/q*)? +1 0
<157>((12):—/ v dp? / dcosHP—/ dcosfp
’ T Jam2 0 -1
X 15.7(q2,p2,0089p). (36)

We calculate I" from integrating (16) over the full phase
space.
We show the integrated /s¢; as a function of g% in

Fig. 3 for four BSM benchmarks Cg) = —Cilg = 0.5 and
Cg) = —C(lg = 0.5i. The curves for C<9/) = +C§3 =05
and Cg’> = —|—ng = 0.5i can be obtained by flipping the
signs of the (I547), see (21), (22). The latter also explains
why I5 and /¢ have similar BSM sensitivity and why 15 is
different. As anticipated, the effects are largest where the
SM contribution peaks, around the p/w and the ¢ reso-
nances. The shape between the resonances depends on their
relative strong phase, shown here for §, — 6, = n. The
effect of 6, — 5, = 0 is a reflection of the ¢ peak at the x

axes. Our findings for the magnitude of (/4) are consistent
with [12].°

®Note, 6, is defined in [12] with respect to the positively
charged lepton, whereas we use the negatively charged one. It

follows that AL = —2(I).
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FIG. 3. Angular observables (/54 ;) integrated over p2, see (35), (36), for D° — 7"z~ u"p~ normalized to I'(D® — 77~y ™) for
CS) = —CY) = 0.5, Cg) = —C(lg = 0.5/ and relative strong phase 6, — 5, = 7.

B. CP asymmetries without tagging
The CP asymmetries corresponding to the CP-odd

angular coefficients /;, k =5, 6, 8, 9 are defined as [25]
I -1,
r+rn

Iy — I,
FaVe

k (37)

)

where I, corresponds to the CP-averaged decay rate. The
observables I3 and Iy can be obtained from the angular
distribution (10), for instance, as follows:

[ ][]
T

0
dcos 0,
1

: 38
" dgPdpPd cos0p dcos Odep (38)
37 /2 T 37/2 2r
19:[/ d¢—/ d¢+/ dep — d¢}
8 LJo )2 p 37/2
d‘r
(39)

X )
dq*dp*dcos 0p de

I5¢ are given in (19), (17).

We define the integrated angular coefficients (/g) analo-
gous to (I57), (36), and (Iy) analogous to (Ig), (35).
From here we obtain the integrated CP asymmetries
(Ay) = ((I) = (I;)) /T 4. Numerical values for high ¢,
g2, = (1.1 GeV)? in BSM benchmarks are given in
Table II. To obtain the ranges given we varied strong
phases and explicitly verified that the sign of Cy in the first
and Cj in the second case does not matter, in agreement
with (22). In the analysis of the CP asymmetries in (26) we
effectively take into account the CKM factors V!,V and
ViV, for the p/w and ¢, respectively. The SM predictions
for (Ago)S™ at high ¢* are below the permille level, and

TABLE II. Ranges for the high ¢, ¢2,, = (1.1 GeV)?, inte-
grated CP asymmetries (A;) for D° — 7"z~ pu*u~ decays for
different BSM benchmarks, varying strong phases.

Cy = —Cyg = +0.5i C) = —C)y = +0.5i

(As) [—0.04,0.04] [~0.03,0.03]
(Ag) [~0.06.0.05] [~0.06.0.06]
(Ag) [~0.02,0.02] [~0.02,0.02]
(Ag) [~0.03,0.03] [~0.03,0.03]
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zero for (As )™ due to the GIM mechanism, C5y! = 0. CP
asymmetries integrated over the full ¢> region are

at most permille level in BSM models, and smaller in
the SM.

C. Testing lepton universality
LNU ratios in semileptonic decays [13,39,40]
[l dB/dg?(D — Py Poyrty)

D
PPy

[ 2 +o-) (40)
fqi‘:* dB/dg*(D — P{Pyete™)

with the same cuts in the dielectron and dimuon measure-

ment provide yet another null test of the SM in charm as

R . |sm =~ 1. Phase space corrections of the order
12

mg/mZ amount to percent level effects. Electromagnetic
effects are another source of nonuniversality, and expected
at order a,,,/(4r) x logarithms, parametrically suppressed
[25,28,41]. A detailed calculation is beyond the scope of
this work. Within the SM we obtain for g2, = 4m; and

qrznax = (mD - mPl - mP2)2

RDSM = 100+0(%), RRM=1.00+0(%). (41)

Beyond the SM, RZ. can be modified significantly.

Varying strong phases and Wilson coefficients Cg}lo one

at a time within allowed ranges (9), we obtain RZ, |y €
[0.85,0.99] and R2 |gsm € [0.94,0.97]. The latter is barely
distinguishable from (41), as well as R, and RP, in
leptoquark models, e.g., [6,40]. It is advantageous to
consider the LNU ratios in bins with a smaller SM
contribution to increase the BSM sensitivity. For 7z,
this is, for instance, the high ¢> region above the ¢,
g%, = (1.1 GeV)?, as in [17], and with the SM prediction
(41) intact. Here, in this high ¢? bin, leptoquark effects are

within R’,?,,|}]li€h 7 €[0.7,4.4], consistent with related siz-

able SM deviations in D — z/71~ decays at high ¢> [40].
Such sizable deviations from universality are possible
for the scalar and vector SU(2),-singlet and doublet
representations S ,, V| 5, respectively, which escape kaon
bounds because there is no coupling to quark doublets [6].
The other leptoquark representations give SM-like values
for RP, p..

For D' —» KTK-I*I- decays we investigate possibilities
to enhance the BSM sensitivity by lowering ¢2,.. This
increases the sensitivity to lepton mass effects such that
(41) does not hold anymore. We find, even when simulta-
neously increasing ¢, that leptoquark-induced LNU
cannot be unambiguously distinguished from the SM in
the KK mode. The long-distance dominance of the branch-
ing ratio, even with BSM contributions, is also manifest

from Fig. 2. For instance, below the #, for ¢, =
(0.525 GeV)? [17], we find that RP, in leptoquark
models is within the ballpark of the SM prediction,
RPM =083 £ O(%). On the other hand, model-
independently R?, can be suppressed relative to the
SM, R2y|ga\ € [0.60,0.87).

While data on muons [17] and electrons [18] exist for
D’ = ztz~1*1~ and D° — KTK~ITI~ decays, see Table I,
unfortunately, this does not permit us to compute the
respective clean LNU ratios (40) due to incompatible g>
cuts employed by the two experiments. In particular,
BESIII included g? regions not accessible with dimuons
and vetoed the ¢ — e" e~ region. We recommend to give
dielectron results for ¢> values above the dimuon threshold
to allow for a measurement of RQI p, (40). Naive ratios of
the branching ratio measurements [17,18] given in Table I
result in lower limits,

RP, _>0.1, RD

atn ~ K"K~

> 0.01, (42)

whose respective SM predictions are, due to the different g>
cuts, subject to sizable hadronic uncertainties. Using the
same cuts as in the BESIII analysis—none on the dielectron
invariant mass squared except for excluding the region
[0.935, 1.053] GeV [18]—we find in the model of [12]
R?ﬁﬁl\fl ~0.9 and RR3M ~ 0.1, about an order of magnitude
away from the data. The smallness of the ratio RPH
follows from the bremsstrahlung enhancement for elec-
trons. A similar effect is present in the zz mode, however,
here it is lifted by the contribution of the ¢ in the dimuon
mode. The main difference between our resonance model
and [12] is, besides the use of on-peak data (27)—(29), the
inclusion of bremsstrahlung effects at very low g2, subject
to systematic uncertainties as briefly discussed in Sec. IV.
Lepton mass corrections in our model are small such that
the main difference between electrons and muons is due to
the vetoed ¢ in the denominator, RPSM ~ 2 and RDSM ~ 1.
A measurement with identical cuts (40) would avoid this
model dependence.

D. LFV

We work out predictions for LFV branching ratios
D° = 7tz ety and D° - K*K-e*uT, which vanish
in the SM. Integrating the nonresonant distributions over
the full g> range, and using the constraints discussed in
Sec. II, we find model-independently and in leptoquark
models, following [6],

B(D° - atrn=e*uT) <1077,
B(D® - KTK=e*uT) <1077, (43)
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VI. CONCLUSIONS

The SM angular distribution in semileptonic 4-body
D-decays is considerably simpler than in B decays because
of long-distance dominance in charm. The latter implies P
conservation and equal chirality of the lepton currents. As a
result, the angular coefficients /5 g 7 are null tests of the SM.

BSM contributions to the axial-vector coupling, C gg, can,

on the other hand, induce rates at few percent level,
see Fig. 3.

Rare semileptonic D° decays are not self-tagging and
benefit from the CP asymmetries related to /54 g9, Which
are CP odd and do not require D tagging. Due to the
smallness of Vi, V,,/(ViV,) corresponding CP asym-
metries Asggg9 constitute null tests of the SM. BSM-
induced integrated asymmetries can reach few percent,
see Table II.

Ratios of branching fractions into muons and electrons
(40) probe lepton universality in the up sector and comple-
ment studies with B decays. LNU tests in charm are
presently not very constraining as only upper limits on
branching ratios of D — P;P,ete™ decays exist. We
strongly encourage experimenters to provide in the future
data based on the same kinematic cuts for muons and
electrons, enabling more powerful SM tests.

Leptonic P invariance and suppression of SM CP
violation holds in the whole (p?, ¢*)-phase space on and
off-resonance peaks. Therefore, there is no particular need
for cutting on zz around or outside the p, or I/ around ¢ or
p/w, and one can collect events from the whole phase
space. Yet, experimental information on the otherwise
SM-dominated branching ratios with on-resonance cuts
assists tuning the hadronic model parameters. Note, near-
resonance BSM signals in the angular observables /5_g are
larger due to enhanced interference with the SM, as
exploited in [12,42] and evident in Fig. 3. On the other
hand, deviations from lepton universality in the ratios (40)
are enhanced in regions where the SM contribution is
smaller, such as in the high ¢> region above the ¢ in
D° — zta~I*1~ decays, where order one BSM effects are
possible. LFV branching ratios B(D° — zz~e*uT)
and B(D" — K*K~e*uT) can reach 1077 and 1077,
respectively.
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APPENDIX D — P,P,l*]~ MATRIX ELEMENTS

1. D — PP, form factors
We employ the form factors from HHyPT [20]

Wy = 9fp mp
2f%1 v-pp +A’
')
I fp 1
h= , (A1)
2f3 (v-pp,+A)(v-p+4)
with input A = (mpo —mp) = 0.1421 GeV, fp =

021 GeV, f,=0.13GeV, fx=0.156GeV, §j=
0.570 4 0.006 [43], v-pp,=((mp—q*+p*)—
\JMm. a2 p?) (143, | p?)cosOyp, )/ (4mp) and v+ p =
(mp, = q* + p*)/(2mp).

2. Resonance amplitudes

The transversity form factors for the contributions from
resonances R with spin J read [13]

Fo E}—o(flz’l’z,cosgm) ﬁZP(J)R(COSQPl) 'FOJR<Q27P2)7
R

P}R (cosBp,)

Fi E]-",-(q2,p2,cos9pl)zz s,

R
L (A2)

: FiJR(qz» Pz)’

i:

where P7 denote the associated Legendre polynomials,
e.g., PY(cosfp) = cos@p and P}(cosfp) = —sin@p. For
vector V resonances with mass my and width 'y, [13,44]

Foy = 3N, D =My = @) (mp + my)*Ai(g*) = Amb. miy. ) As(4°) b (A3)
2my(mp + my)\/q* ’
3
Fy = _ENV\/E(W’D + my)A;(q*)PY, (A4)
3 24(mp. mi. q°)
Fiyv=—N ’ ’ V(g*PY, A5
v NG 1% mp + my (g°) (AS)
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with the resonance shape PV. For the latter we employ a
Breit-Wigner parametrization [45],

myl'y p* 1
PY(p?) = |—"= : ., (A6)
m pyp*—mi +imyLy(p?)
p\? my 14 (rgwpp)?
ry) -1 () S )
Y "\pi) PP+ (rewp’)?
AP mpmp)
p = ’ p():p |p2:m2‘/7 (Ag)

2/ p?
which is normalized [ dp*|P"(p*)|* = 1. For the p we use

the Blatt-Weisskopf parameter rgyw = 3 GeV~' [46]. In the
normalization factor

Bia*/ A(mp, p*. q°) 4mj
N - G ) - — T 5
v Fae\/ 3(4x)3m3, b q
(A9)

we use the Killen function suitable for off-resonance

effects, instead of A(m?2, m%,q*), and include an overall

mp, —my — p*)(mp +m,)* A (p*) — A(mp, m5, p*)A;(p?)

finite m; phase space suppression. Form factors A, ,, V are
provided in [34,47,48]. Following [24] we employ the form
factors by [34], parametrized as

F(0)
F(¢*) = ——F——, A10
) == (A10)
where F(0) = F(0)/(1 — ¢*/m3.) for F = V and F(0) =
F(0) for F = A;,. For D — p the parameters are given as

V(0) =090, o, =046,
A(0) =059, o, =050,
A (0) =049, o, = 0.89. (Al1)

Since the modeling of the resonances itself is accompanied
by large uncertainties, we neglect the form factor uncer-
tainties in the numerical evaluations as well as differences
between D — p and D — @ form factors.

For the resonance-induced D° — K*K~ITI~ contribu-
tion we use the form factors

2
P, (A12)

( 2 2
FO(]’) = _3NV
3
Fip = _7§NV\/§("”D +m)A (P)P?, (AI3)
3 24(mp, my, p)
Fip=—7%N V(pPt.  (Al4
W= AN (P) (A14)

2m,(mp +m,)\/ q*

where V, A;, are D — p form factors given above. We
employ a constant width (normalized) Breit-Wigner dis-
tribution for the ¢ line shape

PP(p?) =/ i L 1 :
r p*- mﬁ) +imyl'y

(A15)
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