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Updated standard model predictions for D) — Pitl™, 1l =e,u, P =m,K and inclusive decays
are presented. Model-independent constraints on |AC| = |AU| = 1 Wilson coefficients are worked
out. New physics (NP) opportunities arise in semileptonic branching ratios for very large couplings
only, however, are not excluded outside the resonance regions yet. The NP potential of resonance-
assisted CP-asymmetries and angular observables is worked out. Predictions are given for leptoquark
models, and include lepton flavor violating and dineutrino decays. Whether NP can be seen depends
on flavor patterns, and vice versa.

I. INTRODUCTION

The study of flavor-changing neutral current (FCNC) transitions is a key tool to explore the generational struc-
ture of standard model (SM) fermions and to look for physics beyond the standard model (BSM). While analyses
involving b-quarks are matured to precision level [I], the investigation of charm FCNCs is much less advanced, as
corresponding rates are highly GIM-suppressed and experimentally challenging and/or decay modes subjected to
resonance contributions, shielding the electroweak physics.

Semileptonic charm hadron decays provide an opportunity to probe for new physics in |AC| = |AU| = 1 FCNCs
[2]. Such processes, induced by ¢ — ul™l™, | = e, u, allow to kinematically reduce the resonance background via ¢ —
Mu — 1M1~ u, where M denotes a meson with mass m; decaying to dileptons such as M = n), p, w, ¢, by kinematic
cuts in the dilepton invariant mass squared ¢, notably ¢ > mi. The available phase space is, however, limited, at

most Ag? ~ 2GeV? for the most favorable decays D — 77171, and the resonance tails remain overwhelming in
the decay rates until the endpoint. To access short-distance physics becomes still possible in two situations: i) The
BSM-induced rates are much larger than the SM background. i) Using SM null tests, that is, specifically chosen
observables. The latter are generically related to SM (approximate) symmetries, such as CP in ¢ — w transitions,
and include various ratios and asymmetries.

In this work we pursue the analysis of rare charm observables using CP-asymmetries and those related to leptons,
lepton flavor violating (LFV) decays ¢ — ue®u¥. The latter have essentially no SM contribution due to the smallness
of neutrino masses. Importantly, there are no photon-induced dilepton effects, the usual source of resonance pollution.
Therefore, for LFV charm decays no cuts in ¢? are required from the theory perspective. Similarly ¢ — uv processes
have essentially zero SM background and factorize in the full region of ¢?. In addition, the study of rare charm decays
has great prospects at the LHCb and Belle II experiments, as well as BES III [3], and possible other future high
luminosity flavor facilities [4, [5].

Leptoquarks are particularly interesting for flavor physics because they link quark to lepton flavor. A rich phe-
nomenology and correlations between different kinds of flavor transitions, K-, D- and B-decays as well as LF'V, allow
to probe the SM and flavor models simultaneously. Naturally, CP-violation, lepton-nonuniversality (LNU) and LFV
arise. We work out correlations in a number of flavor benchmarks for scalar and vector leptoquarks that induce
¢ — ul™l™. Some of these are currently discussed in the context of B-physics anomalies hinting LNU [6HI0].

The plan of the paper is as follows: In Sec. [lI] we work out SM predictions for ¢ — ul*I~ processes, including
recent results for higher order perturbative contributions [I1]. We identify BSM windows in rare exclusive ¢ — ul™l~
modes. In Sec. [[I]] constraints and predictions are worked out model-independently and within leptoquark scenarios,
amended by flavor patterns. In Sec. [[V] we summarize. Auxiliary information is compiled in several appendices.

II. STANDARD MODEL PREDICTIONS

We work out SM predictions for exclusive semileptonic charm decays. In Sec. we obtain (N)NLO results for
the (effective) |AC| = |AU| = 1 coefficients. In Sec. we work out branching ratios, including resonance effects
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and compare to data.

A. Wilson Coefficients

We write the ¢ — ul™l™ effective weak Lagrangian [ITHI3] with two-step matching at the W-mass scale and the
b-quark mass scale, respectively, as

L5 sy, = 30 ViV (G0 P 0) + Cal P ) M
q=d,s,b
10
L 45; Y ViVag (Ca(u)Pf‘” (1) + Co(w) PS” () + Y @(u)ﬂ(u)) . 2)
q=d,s i=3

Here, G is the Fermi constant and V;; denote the Cabibbo— Kobayashl Maskawa (CKM) matrix elements. Within

the OPE . . ) heavy fields are integrated in the Wilson coefficients C; and the operators P; are composed out of
light fields. The SM operators up to dimension six read [IT4HI6]
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where q1, g = (1F75)/2 ¢ denotes chiral quark fields, T are the SU(3)¢ generators, e is the electromagnetic coupling,
gs is the strong coupling, o#1#2 = i[y*1 A#2]/2, F), ., is the electromagnetic field strength tensor and GY, ,, is the
chromomagnetic field strength tensor.

In this section we give results for the (Next-to-)Next-to-Leading-Order (N)NLO QCD SM Wilson coefficients

2
Ci) = 670 + 00+ (L) 6 ) +0 () - (13)

™

C12(puw) can be inferred from [I5, [I7] and C3_19(pw) = 0 due to CKM unitarity for vanishing light quark masses.
If one were to keep finite light quark masses in the Wilson coefficients at puy as in [I8H20] spurious large logarithms
are induced, e.g., [21]

-9 2
3 ViV OO (nw) =~ Vv, E 0, T 0,29, (14)
q=d,s,b 9 Mg

a procedure that is not consistent with the factorization of scales in the effective Lagrangian [T} [I3]. Logarithms
are resummed to all orders in perturbation theory via the renormalization group (RG) equation [I7, 22| 23]. After



RG-evolution of 6'1’2 from puw to up, we integrate out the b-quark at pp, which induces non-zero contributions to
Ps_19, and then RG-evolve Cy_qo from iy t0 pie. The resummation to NNLO is worked out in [I1], to which we
refer for details on the RG equation, anomalous dimensions and matching. The results of this NNLO evolution are
included in the numerical analysis in this work. Using the parameters compiled in App. [A] we find the SM Wilson
coefficients at the charm quark mass given in Table[l]

j=1]j=2|j=3|j=4|j=5|j=6|j=7]|j=8];=9|j=10
c® -1.0275 1.0926 |-0.0036-0.0604]0.0004] 0.0007 | 0 0 [-0.0030] 0

(as/(47r)) 0.3214 |-0.0549|-0.0025 |-0.0312 |0.0000|-0.0002|0.0035 |-0.0020 [-0.0064| 0

(a /(47r))2 3 | 0.0766 |-0.0037|-0.0019|-0.0008| 0.0001 | 0.0003 [0.0002|-0.0003|-0.0037| 0
C, -0.6295 | 1.0339 [-0.0080(-0.0924|0.0005| 0.0008 |0.0037(-0.0023|-0.0131 0

TABLE I: The ith order contributions (as/(4m))* C'](.”, i=0,1,2 to the SM Wilson coefficients, see Eq. , at pte = me. The
last row gives their sum, C;(m.).

We write the matrix elements of the operators Py _gg in terms of effective Wilson coefficients CS'h ‘o(f1c) and Cs¥(ue) =
0. We find to one-loop order

eff = as | 8 ~ 2 ~ 8 -~ 32 - N 512 ~
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in agreement with the corresponding calculation in b-quark decays [24] and
ef(q) A as (1) _Lao a0 2702y 4 (D) (2 ) 2) Creft
o) = 2% Cit (2) (=501 + 8 ) fm2/m2) + B (q*/m2)C (16)

with CEH (1) + Zl_ (S)C’(O) and C)_¢ consistently expanded to order a,. The functions f, L and F(7 9 and

the coefficients y( ) are given in App. [Bl The coefficients C7’ ~ V2 Vi induced by the two-loop matrix elements of
P;_¢ and C§ induced by the two-loop matrix elements of Py 5 are not known presently and neglected in the following
analysis. Hence, the NNLO result is not complete and labeled as (N)NLO.

For the phenomenological analyses in Secs. [[IB|and [[T]] it is customary to redefine the dilepton and electromagnetic
dipole operators and use

m

Q7 = ?C(’H,O'#VPRC)FHV, (17)
Qo = (wy,Prc) (Z’y”l) , (18)
Quo = (@yuPre) (W' sl) - (19)

Their effective coefficients C7 910 = C7,9,10(¢*) are related to the ones of P; g 19 as

4 N
Croolie) = —¢— |VeaVuaCsi b (he) + Ve Vas Crit i (o) (20)
s (fic)
Using g=d.s b VegVug = 0 makes manifest that the coefficients are GIM or Cabibbo suppressed, specifically,

L(mZ,q*) — L(0,¢%) = O(m7/mg) at high ¢*.
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The effective coefficient Cy, Eq. , in the SM is shown in Fig. C7 is not shown because its g?-dependence
is negligible. Note that Cjp = 0, and that C7 and Cy are primarily set by the matrix elements of P; 3. For
pe = me, Cq ~ (—0.0011 —0.0041i) and Cy ~ —0.021X 45, where X 45 = (V. ViaL(m?2, ¢*) + Vi Vs L(m?2,¢%)). Varying
Me/V2 < e < v/2me we find (—0.0014 — 0.00547) < C7 < (—0.00087 — 0.00334) and —0.060X g5 (pe = v2m,) < Cy <
0.030X g5 (fte = me/+/2). For ¢> 2 1 GeV?, we obtain as a result a small SM contribution, [Co| < 5-10~%.

The one-loop contribution to Cy is suppressed by cancellations between C, and C,. Therefore, the two-loop matrix
element of P1(,(12) (te), ¢ = d,s inducing Cy, of the order |V Via| X as(pc)/(4m)x GIM-type m?2/m?2-suppression at

q®> = O(m?)!, could numerically be of similar size as the (N)NLO one.
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FIG. 1: The effective coefficient Co(ue = m.) given in Eq. at NLO and the pure (N)NLO-terms in the SM. The two-loop
matrix elements of P12 are not known presently and not included. See text for details.

B. Phenomenology

In this section we study the SM phenomenology of D™ — 7Tyt~ decays and introduce SM null tests. Decay
distributions are given in App. and the requisite form factors f; are defined in App. [C} In particular, in our
numerical analysis the vector/axialvector form factor fy is taken from data [26], and the dipole one fr is related to
f+ through the (improved) Isgur-Wise relations at low and high ¢2, between which we interpolate, c¢f. App.|Cl A third
form factor, fy, does not contribute at short distances as it multiplies C1o, which vanishes in the SM. f, (¢%), fr(¢?)
and fy(g?), which can contribute in SM extensions, can be seen in Fig. In our calculation we expand squared
amplitudes to order a? and apply the pole mass for m, in matrix elements.

Integrating the distribution in different ¢?-bins yields the non-resonant SM branching ratios given in Table [lll The
first uncertainty given corresponds to the normalization, which is dominated by the D-lifetime, relative to which CKM
uncertainties are subdominant. The dominant theory uncertainty stems from the charm scale ., which here is varied
within m./ V2 < pte < V/2me. The effect of a larger upper limit on . is to enhance (decrease) the branching ratios at
low (high) ¢2. For instance, allowing for values of j. as large as 4 GeV doubles (cuts into halves) the branching ratios

I This behavior is also supported by a related calculation in b — sll decays [25].



obtained for g, = v/2m. at low (high) ¢>. Consequently, the effect on the full g>-range of integration averages out.
The other scales are varied within myy;,/2 < pw,p < 2myyp. Uncertainties due to power corrections are not included.
Electroweak corrections, which are subleading relative to QCD-ones, are neglected. We checked this explicitly by
calculating the effects of electromagnetic mixing among the P; at leading order |27} 28]. Additional uncertainties from
as(mz) = 0.1185 + 0.0006 amount to a few percent.

Further non-resonant SM branching fractions for inclusive ¢ — ull decays and additional D — PIl decays are also
worked out and given in App. [El Our findings are consistent with [I3] [29], but disagree with those of [I8-20] by orders
of magnitude. As already discussed around Eq. , this goes back to the inclusion of light quark masses in [I8H20]
in the matching at puyw .

¢*-bin B(D" — ntpt )3 90% CL limit [30]
full ¢%: (2mu)? < ¢ < (mp+ — mg+)? |3.7-1072 (41, 4£3,715 41,73 1158 +10) 7.3-1078
low ¢%: 0.250%2 GeV? < ¢ < 0.525% GeV?|7.4- 10718 (41, 44,723 10 10 +238 +5) 2.0-1078
high ¢2: q> > 1.252 GeV? 7.4-10713 (£1, 46,715, 46,19 7136 +27) 2.6-1078

TABLE II: Non-resonant SM branching fractions of DT — 77 u*u™ decays normalized to the total width. Non-negligible
uncertainties correspond to (normalization, me, ms, pw, b, te, f+), respectively, and are given in percent. In the last column
we give the corresponding experimental 90% CL upper limits [30].

Next we model the contributions from resonances by using a (constant width) Breit-Wigner shape for Cy — C$ for
vector and Cp — CE for pseudoscalar mesons

i
C’g‘ = apei‘sf’ ( L 1 L > + age™ ,
¢ —m24+im,L,  3¢% —m?2 +im,Ly, q? — mi +imgly

a eiéy7 (075
CE= B - ) , 21
P2 m2 +imyl'y g% — m%, + im,y Ty (21)

where T'j; denotes the total width of resonance M = ), p, w, ¢ and we safely neglected the SM’s CP-violating effects.
Since the branching fraction of D¥ — 77w decays is not measured yet, and also to reduce the number of parameters,
one can use isospin to relate it to the one of the decay Dt — 77 p |29]. While there are clearly corrections to this
ansatz for the w, these are subdominant relative to the dominant contributions from the p due to its large width.

Approximating B(DT — 7t M (— ptp~)) ~ B(DY — M#7T)B(M — p*p~) and taking the right-hand side from
data [31] and B(n' — ptp=) ~ O(1077) [31} B32], we obtain

ag = 0.24700% GeV?,  a, = 0.17 £ 0.02 GeV?,
a, = 0.0006070 90052 GeV?,  a, ~ 0.0007 GeV?. (22)

We note that the present experimental upper limit on B(Dt — wn™) yields a,, < 0.04, somewhat below the isospin
prediction, a,/3.

The SM differential branching fraction of D¥ — 7T u*u~ decays is shown in Fig. The dominant resonance
contributions above the ¢-peak are due to the ¢ and the p. The relative strong phases d4 , , are varied independently
within —7 and w. The dominant uncertainty stems from the unknown phases, only near the resonance peaks the
uncertainties in the factors aj; become noticeable. At high ¢? the resonances die out with increasing ¢2, however
slowly. For instance, we obtain |C§ (1.5 GeV?)| < 0.8 and |C§(2 GeV?)| < 0.4, exceeding by many orders of magnitude
the SM short-distance contribution to Qg.

We learn the following: There is room for new physics below the current search limits [30] and above the resonance
contribution; at very high, and very low ¢?. In either case it will require large BSM contributions to the Wilson
coefficients to be above the resonant background. We will quantify this in Sec. [[T]}

The dominance of resonances in the decay rate for SM-like Wilson coefficients is common to all ¢ — ul™{™ induced
processes, such as inclusive D — X, 7™, or other exclusive decays, e.g., D — wwl™1~ [33] and A. — pl*I~. Choosing
¢ — ul™l™ induced decay modes other than D+ — 7T+~ does not help gaining BSM sensitivity in the dilepton
spectrum, however, other modes may allow to construct more advantageous observables. Here we discuss opportunities
in semileptonic exclusive decays with observables where the resonance contribution is not obstructing SM tests.

Clean SM tests are provided by the angular distribution in D — wlTI~ decays, notably, the lepton forward-
backward asymmetry App and the "flat" term [34], Fp, see App. @ Both observables are null tests of the SM and
require scalar/pseudoscalar operators and tensors to be non-negligible. A promising avenue to probe operators with
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FIG. 2: The differential branching fraction dB(D* — 7t uTu~)/dg* in the SM. The solid blue curve is the non-resonant
prediction at pu. = m. and the lighter blue band its u.-uncertainty. The orange band is the pure resonant contribution taking

into account the uncertainties specified in Eq. at 1 o and varying the relative strong phases. The dashed black line denotes
the 90% CL experimental upper limit [30].

Lorentz structures closer to the ones present in the SM is to study CP-asymmetries in the rate

dr'/dq? — dT'/dq?

Acp(q®) = - ;
J& dg2(dT /dg? + dT /dg?)

(23)

where dI'/dg? denotes the differential decay rate of the CP-conjugated mode, D~ — w~[T]~. The difference of the
widths can be written as

dr dr G%a? a2 2 o m? m?
aF " ag ~ mamn || Vb a?) (14 ) (142 2y

x (Im[VegVaa(Ves Vi )meacy] + Tm{VigVaaAg[Tm[cg) f1 + Im[Vi Vi Ag[Tm[eg] )

where the first term in the last row corresponds to the tiny SM prediction whereas the ones driven by Ag = CESM 4.
correspond to possible BSM contributions, and

AT eff(d) , Me R I+
= —2C — + 5| ,— —_ 25
Cd o, 7 .fT mp + Cyg |p only ‘/;Zvud y ( )
4w eff(s) me R f+
cs = —2C. + O3 d—onty ——— . 26
Qs 7 meD 9 |¢ ly ch*;vus ( )

Here we neglect all resonances other than the ¢ as the latter is dominant on the ¢, and the p, as it is wide. To avoid
double-counting we drop the perturbative contributions to C;H(d’g) in ¢q4 s, respectively. The resonance contributions al-
low to evade the otherwise strong GIM-suppression, a feature already exploited in probing BSM CP-violation in dipole
operators on or near the ¢ resonance [35]. In the SM CP-violation is tiny due to the smallness of Im[V 5 V,a(Ves V)]

We find |ASCI\1/£(q2)| < 5-1073, peaking at g% ~ m?w where we normalized to the sum of the widths integrated over the

full g*>-region. We conclude that while there are large uncertainties related to the phenomenological model for C¥, it
allows to see large BSM effects. We show this explicitly in Sec. [T, where we also study LEV decays.



IIT. BEYOND THE STANDARD MODEL

We discuss testable BSM effects model-independently in Sec. [[ITA] and within leptoquark models, which are intro-

duced briefly in Sec. [[ITB] in Sec. [ILC|

A. Model-independent Analysis

To study BSM effects we extend the operator basis —

L3~ me) = 43522 2 Q. (emultl), 27)
where
g)l) = (@y,Pre) (Iv"1) | gl)/ = (wyuPre) (IW"1)
O = (@yuPre) (Ih"asl) | o’ = (@, Pre) (s1) |
O — (aPge) (1) , QY = (aPro) (i) , (28)
W = (@Pro) (Is1) Q" = (PLo) (hsl)
W= %(ﬂa’“’c) (lol) | 0 = %(aa‘“’c) (lowysl) -

As we use muonic modes frequently, in the following Wilson coefficients and operators without a lepton flavor index
are understood as muonic ones, that is C’Z-(# ) = Cj ete.

Neglecting the SM Wilson coeflicients, we find the following constraints on the BSM Wilson coefficients from the
limits on the branching fraction of D* — w+u*u~ given in Table [l in the high ¢*-region (1/¢2 > 1.25GeV) at
CL=90%

0.9|Cq 4 C4|> + 0.9|C1o + Cio|> + 4.1|Cs + C5|* +4.2|Cp + Cp|* + 1.1|C7 > + 1.0|Cp5|?
+ 0.6 Re[(Cy + C9)C] + 1.2Re[(C1o + C1p)(Cp + Cp)”]
+2.3|C7|? + 2.8Re[C7(Cy + C§)*] + 0.8 Re[C7CF] < 1. (29)

Analogous constraints in the full ¢g?-region are somewhat stronger. They read

1.3|Cy + CH|* + 1.4|C1p + O |* +2.2|Cs + Cs|* +2.3|Cp + Cp|? +0.9|Cr|* + 0.8/ Crs
+0.9Re[(Cy + C§)Cx] + 1.0Re[(Cro + Cip)(Cp + Cp) 7|
+3.7|C7|* + 4.4Re[C7(Cy + C§)*] + 1.3 Re[C7CF] S 1. (30)
The branching fraction B(D? — ptp~) < 6.2-1072 at CL=90% [31] provides complementary constraints as
|Cs — C5> +|Cp — Cp +0.1(C1p — Cjp)|* < 0.007. (31)
Thus, D — mpp is sensitive to the complete set of operators, however, the purely leptonic decays put stronger
constraints on scalar /pseudoscalar operators.

Barring cancellations, we find, consistent with [36], \Céf)10| < 1, which can exceed the resonance contribution at high
q?. Assuming no further flavor suppression for the BSM contribution g?/A? (weakly-induced tree level) or g*/(1672A?)
(weak loop), the limits on Cét)lo imply quite mild constraints for the scale of new physics: A 2 O(5) TeV or A around
the electroweak scale, respectively. With SU(2)p-relations Cy = —C1o the bounds on new physics ease by a factor
of 1/+/2. Analogous constraints on the other coefficients read |Cr 75| < 1 and |Cg7p| < 0.1. In Fig. |3 we illustrate
BSM effects in the D* — 7T~ differential branching fraction at high ¢ with two viable choices for BSM-induced
Wilson coefficients. As anticipated, the BSM distributions can exceed the SM one.

Constraints on ¢ — uee modes are weaker than the ¢ — upu ones, B(Dt — 7Fete™) < 1.1-107° and B(D° —
ete™) <7.9-107% at CL=90% [31], and imply

c) - cky| s 03,

o - e

<4, ok

)

<5, |or(cf - i)

<2. (32)
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FIG. 3: The differential branching fraction dB(D" — 7" 1~)/dg? at high ¢®. The solid blue curve is the non-resonant SM
prediction at p. = m. and the lighter blue band its p.-uncertainty, the dashed black line denotes the 90% CL experimental
upper limit [30] and the orange band shows the resonant contributions. The additional curves illustrate two viable, sample

BSM scenarios, |Cy| = |C1o] = 0.6 (dot-dashed cyan curve) and |Ci(')| = 0.04 (dotted purple curve). In the latter case all BSM
coefficients have been set simultaneously to this value.

To discuss LFV we introduce the following effective Lagrangian

4GFr o
Lo~ me) =~ (K0 +KMOW) (e uetpT), (33)

%

where the K Z-(l) denote Wilson coefficients and the operators Oz(l) read

08 = (v, Pre) (e7"n) | O = (i, Pre) (mr'e) , (34)

and all others in analogous notation to Eq. . The LFV Wilson coefficients are constrained by B(D® — etp~ +
e ut)<26-1077, B(DT — nretp™) <2.9-107% and B(Dt — nte put) < 3.6 1079 at CL=90% [31] as

K0, K| <o0a,
l l 1
‘Ké’)lo N Ké7)1/0 56, ‘KI(“,)TS‘ ST l=e,p. (35)

The observables in the D — PIT]~ angular distribution, Apg and Fp, Eqs. (D2), (D3) can be sizable while
respecting the model-independent bounds. We find that, upon ¢-integration, |[Apg(DT — 7tutp=)| < 0.6,

|Ap(Dt — 7Fete™)| < 0.8, Fg(Dt — ntutp~) < 1.5 and Fy(Dt — atete™) < 1.6, where FEM is below
permille level, allowing to signal BSM physics. Here, the resonance contributions have been taken into account in the
normalization to the decay rate, and both numerator and denominator (the decay rate) have been integrated from
Q2 = 1.25? GeV? to @2, = (mp+ —my+)?. As the LFV bounds are even weaker than the ones on the dielectron
modes, sizable contributions to LF'V angular observables are allowed as well. Knowing the size of LFV in more than
one observable would allow to pin down the operator structure and provide clues about the underlying model.



B. ¢ — ull Generating Models

Several models generating ¢ — wull transitions were studied, for instance, Little Higgs models [19, 29], Minimal
Supersymmetric Standard Models [I8] 20, [37, [38|, two Higgs doublet models [37], an up vector-like quark singlet [38]
and models with warped extra dimensions [39, 40]. In all models except for the supersymmetric ones the D — wl™i~
branching fraction is found to be less than the resonance contributions. In the supersymmetric models the branching
ratio can be close to the experimental limits. Non-vanishing asymmetries that could be Apg, Acp and the CP-
asymmetry of Appg are generically induced in BSM models [I8-20] 29, [39] 40].

Here we study effects of leptoquarks generating ¢ — wull transitions in a bottom-up approach. We note that in
GUTs further model building for some representations is required [41]. For renormalizable up-type scalar and vector
SU(2)r, singlet, doublet and triplet leptoquarks within the SM (SU(3)¢, SU(2), U(1)y) gauge group [42] we find
after Fierzing the effective contributions shown in Table [[TI} Baryon number and lepton number are conserved in the
interactions. Note that models S7 and S contain two couplings each. Leptoquark effects in S; have been discussed
in [43).

C Lrqg (SU(3)c,SU(2)L,Y) effective vertices
CHESE -
(As,QLimLL + As, rqrlr) S] (3,1,-1/3) —% (qrYuaR) (IR 1R)

-
T (qrar) (ILlR)
(ql") (q'1)
AsiL ) Asir —
<12’"2511 (TrqL) (lRllL)
) hg i
RCOK s
o ’
) N i
—% (qouwq’) (Ira"17)
S
o RER)
(As;2GrLL + As,rRQrLiT2lR) S; (3,2,-7/6) ——amz, (@) (Iry"1R)
2 *
) (64 :
—Q%(q%z)(qmutﬁa) RS
@) (@Y~
AS R )\S L _ -
e uak) (Tt
2
@) (@'v\*
Asor (Asur _ -
—22(m;<qnqz> (Ins)
[CIOYARCENN
Asor (s L§ _ - v
—Z‘ss(mg2 (qouq’) (ILa"" 1)
2
@) (\@'\*
AsoL \AsyRr _ - v
—28&32) (qouq’) (Iro""17)
2
@) (D
T, > 1 (ASQS ) )\Sq3 _ ’ Tyl
(As;QLiTe7LL) - S5 (3,3,-1/3) —T(qmm) R
R At <A(Aq’l)> ¥
— g V- V7 _ —
Moy anylr (V) (3,1,-5/3) | ot (drdr) (nr" 1)
1%}
T (Ai’qzl,)> Ag/qz,l) / 7 /
Mo Qryulr (V3) (3,2,-5/6) o @z (Ir7"lr)
2
V. R,
Mg, qryuLin (Vz“) (3,2,1/6) =22 (Grdr) (17"1L)
Vo
(@) (L@ DY~
_ Lot 2228 (A48 B
AvaQuy Ly - (V3") (3,3, -2/3) w(qqu) (TLy"1y)

TABLE III: Leptoquark-fermion interactions, quantum numbers, with hypercharge Y = Q. — T3, and effective ¢ — u(l’) "1™
vertices via Fierz identities. 74,a = 1,2, 3 denote the Pauli matrices, and 7.X = Do TaXa for X = S3, V3. SM SU(2)r-doublets

are Q(3,2,1/6) and L(1,2,-1/2), q¢,¢' = u,c, and [,I' = e, .
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We uniformly denote by M the mass of the leptoquarks but note that they differ in general depending on the
representation. We assume degenerate SU(2)-plet masses to comply with the constraints from oblique parameters
[44]. Our effective vertices agree with and extend those in [45] by considering tensor operators and relative signs. The
Wilson coefficients induced by tree-level leptoquark exchanges read as

V2 M)

V2 ’ )\]I, ()‘3])*
kg 10 , k
GFOée ’ M?2

GFae 9,10 M2 )
Va0 Vir M)
Gra, P M2 Gra, 5P M2 7
M OND AN A AL (OO
CT: \/iﬂ-k‘T l(]) _|_ ](1) ) CT5: \/iﬂ-kTS l(]) _ ,](Z) ,
Groe M?2 M? Grao, M? M?

Co,10 = Cy10 = (36)

Cs=Cp Cl=—Cp=

where ¢,7 = L, R; such indices are nontrivial for scenarios S; and Sy only, which have two different couplings Ar r
each. The correct values of i, j can also be read off from Table [[TIl The coefficients k, are given in Table [V]

I | J |i|j]| ke |kio| kb |Kio|ksp|ksp|kr|krs
220 [0 A ) e g
(007 2 I o
Ss|(c)|(u)|L|-|—3| 0[O0 0] 0]O0]O
Vil(uh)|(c)|-|R|0O O | 2|2l 0|0 ]0]O
Val(c)|(u)|R|-[ 2| 2]0]0] 0 ]O0]O]O
Val(e)|(u)|-|Ljo o |2 |-2l o]0 ]0]oO
Va|(ul)|(c)|L|-| 1 |1/ 00| 0| O0]|O0]|O

TABLE IV: Coeflicient matrix for the leptoquark Wilson coefficients inducing ¢ — ull.

C. Leptoquark Phenomenology

Experimental constraints on leptoquark couplings are worked out in App. While generically \)\(ql)| <
0(0.1) [M/TeV] for any coupling to the first two generations and for any scenario of Table several flavor-
combinations are more severely constrained. In addition, bounds for specific models making use of correlations
can be much stronger.

The |AC| = |AU| = 1 couplings in leptoquark scenarios involving doublet-quarks Q are subject to constraints from
the kaon sector (Table . Corresponding limits on the Wilson coefficients for ¢ — ull(") are given in Table [Vl Only
the scenarios ‘71 and ‘72, as well as the S1|g and Sa|r couplings do not receive such constraints, hence allow in general
for larger effects for ¢ — wull, however, decouple without further input from the K- and B-sector.

| ee) [(em we)| (u)
Silp |[£4-1073|<4-1073|<4-1073
So|r, V2|<3-1072|<2-1074|<4-1073
S3, Vs |<4-1073<2-1074<4-1078

TABLE V: Upper limits on the ¢ — ull"”) Wilson coefficients |Céf)10| abbreviated as (1)) in leptoquark scenarios from kaon
decays. For Si 2 the limits apply to the indicated handedness of couplings only.

Products of two Wilson coefficients are constrained by the strong limits on p — e conversion and p — ey, see
Table Future experiments on u — ey [46] and p — e conversion [47, 48] can improve the limits by at least two
orders of magnitude.

Further bounds and correlations depend on the flavor structure. To make progress here we study benchmark
patterns of leptoquark coupling matrices A put forward in [49] for quark-L-type Yukawa couplings based on flavor
symmetries. Rows label quark flavors and columns label lepton flavors. The use of discrete non-abelian symmetries
for the leptons, specifically A4 [50, BI], results in textures with "ones" and "zeros", very different from hierarchical
ones in Froggatt-Nielsen U(1)-models [52]. In this work we are mainly concerned with the first two generations, so
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[ (ee) (), (egs)(p1e)

S1 <2.1077

So <8.1078

S3, Vi, Va, Vo, V3| <6-107°
SilLr, S2|Lr <2.1071°

TABLE VI: Upper limits on the products of two ¢ — ull’) Wilson coefficients |C'9") ¢ D| (ee)(pup)", and |K 9 KMV,
"(ep)(pe)", from p — e conversion and p — ey. The LR-mixing constraints in scenarios Si,2 are stronger than the unmixed
ones and are given in the last row.

our terminology reflects features of the upper left two-by-two submatrix of A. With the exception of D° — 7e and
¢ — uvw, the third (7,v;) column is irrelevant to our study. Similar statements hold for the third (¢,b) row, which is
relevant to B-physics, and is linked to charm physics via flavor. We define

i) a hierarchical flavor pattern with suppression factors for electrons, , and first and second generation quarks, pg
and p, respectively,

Pdk Pd Pd
Ai~| ops o pop | (37)
k 1 1

ii) a single lepton pattern with negligible electron couplings

0 % 0
Xii~ 00|, (38)
0% 0

and iii) a (first two) generation-diagonal "skewed" pattern, that is, A(*#) and A(°®) are negligible

* 00
Xig~ | 0% 0 |- (39)
0 %0

The patterns i) and ii) have been explicitly obtained in models where quarks are A4-singlets, hence apply to all
ug,dr and Q fields coupling to lepton doublets.? Extension of [49] to include lepton singlets as well as the skewed
patterns iii) and iv), the latter defined in Eq. , is not as strainghforward and requires further model building,
which is beyond the scope of this work. (Note that skewed patterns have been obtained by assigning different quark
generations to different A4 singlet representations [49].)

Upper limits on rare charm branching fractions for different flavor patterns are given in Table[VIIl Here, for patterns
ii) and iii) we distinguish between leptoquark scenarios which can escape kaon bounds, S; 2, V1 2, ii.1) and iii.1), and
those subject to kaon bounds, Sz, V5 3, i1.2) and iii.2). If « is small the hierarchical flavor pattern 1) effectively reduces
to pattern ii).

The ¢ — uete™ Wilson coefficients vanish in patterns ii) and iii). In pattern i) they are driven by pgpx?, and
correlated with LFV, hence subject to the bounds in Table We find that no BSM signal can be seen in ¢ — uete™
branching ratios.

In pattern ii.1) the muon Wilson coefficients are constrained by DT — 7+ u*u~ and D° — putpu~ as discussed in
Sec. For ii.2) the constraints on the muon Wilson coefficients are given in Table In case of iii) the ¢ = uptp~
Wilson coefficients vanish. ~

The dineutrino mode is induced in S>3, V2 and V3 models because those contain the requisite electromagnetic
charge +2/3e leptoquark. The decay D — 7w has backgrounds from D — 7(— nv)P, which can be controlled by
kinematic cuts ¢ > (m2 —m2,)(m2,, —m2)/m2 ~ 0.34 GeV* [I8] [53).

The LFV transition ¢ — up~et (¢ — upTe™) is mediated by a generation-diagonally coupling leptoquark with
electric charge 5/3e (—1/3¢). Therefore, for case iii) either, for charge —1/3e, B(D® — p~e*) and B(D° — pte™)

2 We thank Ivo de Medeiros Varzielas for confirmation.
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vanish, or, for charge 5/3¢, B(D® — ute™) and B(D° — p~e') vanish. Analogous statements hold for D — 7tet T
decays. For iii.1) the LFV Wilson coefficients are < O(1 — 10), see Eq. (35), and for iii.2) the constraints on the LFV
Wilson coefficients from Table [V|apply. For ii) the LEFV Wilson coefficients vanish.

B(DY = ntptu™) |B(D® — ptu ) |B(DT — ntetuT)|B(D® — pte®)|B(DT — nuvp)
i) SM-like SM-like <2-10713 <7-1071 <3.10713
ii.1) [<7-1078 (2-1078)| <3-107° 0 0 <8-107®
ii.2) SM-like <4-10713 0 0 <4-10712
iii.1) SM-like SM-like <2-1076 <4-1078 <2-107°
iii.2) SM-like SM-like <8-1071% <2.10716 <9.1071°

TABLE VII: Branching fractions for the full ¢*-region (high ¢-region) for different classes of leptoquark couplings, see text.
Summation of neutrino flavors is understood. "SM-like" denotes a branching ratio which is dominated by resonances or is of
similar size as the resonance-induced one. All ¢ — ue*e™ branching ratios are "SM-like" in the models considered. Note that
in the SM B(D® — pu) ~ 10713 [18].

Complex couplings are additionally constrained by electron and neutron electric dipole moments as Im[Ci(e)} <

4-107% and Im[Ci(“)] < 4-107%, i = S, P, T,T5, respectively. The D* — 7tpu*p~ CP-asymmetry in the rate,
Eq. 7 is shown for the muons-only pattern ii) in Fig. 4l Around the ¢-resonance (left-handed plots), Acp scales
with the BSM coefficient Ag, as the normalization is driven by the resonances, C{*, for any BSM coefficient. At high ¢
(right-handed plots) the normalization depends on the value of Ag. In the plot to the upper right the normalization
is set by Ag, hence Acp becomes inversely proportional to Ag. In the plot to the lower right, corresponding to
a scenario with smaller BSM effects, ii.2), the normalization is again dominated by the resonances. Despite the
constrained Wilson coefficients the CP-asymmetry can be sizable around the ¢ and above in the high ¢2-region, in
which |A¢p| drops towards the endpoint. If measured around the ¢, a sizable CP-asymmetry, while assuming different
values, can arise independent of the strong phases. For the hierarchical pattern i) |[Acp| is < 0.003 on the ¢-resonance
and < 0.03 at high ¢2.

Interestingly, there exists an opportunity to also study 7-lepton couplings in charm, with D — 7+e¥ decays. The
corresponding branching fractions can be inferred from Eq. (D6]); the phase space suppression relative to D° — pteT
is about 8- 1073, We find, approximately,

2
B(D® = r¥e¥) ~ 5. 109< 13 (ke = kG 5 (KD - KO

2) . (40)

The limits on the decays 7 — ey and 7 — eee are not competitive with those involving muons, however, SU(2)-

relations imply constraints on LFV. For (axial)vector couplings they read |Kéfi6)(/)| < 0.2 (B(r — eK)), significantly

weaker than \Kéfl’g)\ <4-1073 (B(KT — 7twv)) and for (pseudo)scalar Wilson coefficients \KS}I)(/” <7-1073
(B(K* — ev)) [54]. The hierarchical flavor pattern yields B(D? — 7%e¥) < 7-107'°, while the others, ii) and iii),
give vanishing rates. One flavor pattern in which the SU(2)-related constraints are absent and which can signal LFV
BSM DY — 7%eT decays, is another skewed one, inspired by [49],

o (i k) ()

(41)

o o O
o O ¥

0
)\w ~ *
*

This pattern results in SM-like lepton-diagonal ¢ — ulTl~, [ = e, and vanishing flavor off-diagonal ¢ — ue® ™
modes, while B(D — mvv) can exceed the upper limits given in Table Other flavor patterns result in a different
phenomenology, hence, if measured, this allows to learn about flavor.

IV. SUMMARY

Rare charm decays into leptons offer genuine avenues to search for BSM physics despite notorious resonance back-
grounds. Semileptonic branching ratios D — wl*I~ can signal BSM physics above the ¢-resonance right around
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FIG. 4: The direct CP-asymmetry Acp(DT — nFu™ ™) normalized to [¢2in = (Mg — 5T6)2, qRax = (Mme + 504)?] (left plots)
and [¢2;, = 1.25% GeV?, ¢2ax = (mp+ —m,+)?] (right plots) in case of ii.1) (upper plots) and ii.2) (lower plots) for independent
relative strong phases d,.4 € {0,7/2,m,37/2}. From yellow (upper curves above ¢) to red (lower curves above ¢) each bunch
represents 0, = 7/2,m,0,3/27.

the current experimental limit for large BSM contributions, see Fig. [3] CP-asymmetries, assisted by the resonances,
observables in the angular distribution, dineutrino modes and LFV ones can signal BSM physics for much smaller
BSM contributions, because those correspond to SM null tests. Model-independent constraints are given in Sec. [[TTA]

We work out correlations in several flavor benchmarks for scalar and vector leptoquark scenarios that induce
¢ — ull”) modes. The main results on the leptoquark phenomenology are given in Sec. We find that hierarchical
flavor patterns such as allow only for rather limited effects in charm due to the correlations with other sectors
which are subject to strong constraints. Other flavor patterns can give larger effects in branching ratios for decays
into dimuons, dineutrinos and LFV ones, see Table The CP-asymmetry in the DT — 7+ru™u~ rate provides
an opportunity to probe new physics even for rather suppressed couplings in case of leptoquarks coupling to SU(2)-
doublet quarks, see the lower two plots in Fig. [l Such asymmetries may show up, for instance, with leptoquarks
S3(3,3,—1/3) with electron couplings sufficiently suppressed, a model that can also accommodate recent LNU hints
in rare B — K171~ decays [T, [8].

The benchmark patterns studied in this work do not exhaust the flavor model space. We emphasize the importance
of searches for FCNCs into dineutrinos and LFV, including D° — 7%eF decays. Further experimental and theoretical
study is needed to progress with the quest for BSM and flavor physics.

Note added: Soon after we published this paper on the arXiv a related analysis [56] appeared.
Note also that the recent LHCb bound B(D° — e*uT) < 1.3-107% at 90 % CL [57] that appeared while this
paper has been under review starts to constrain certain leptoquark flavor scenarios, see Table Furthermore, the
measurement of B(DT — wn™) reported in a recent preprint by BES II1I |58] yields a,, = 0.03270:00?‘ GeV?, somewhat
lower than isospin prediction reported around Eq. (22).
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Appendix A: Parameters

M S masses are taken from [31]

mi(my) = 16075 GeV my(mp) = 4.18 £0.03 GeV (A1)
me(m.) = 1.275 £ 0.025 GeV ms(2 GeV) = 0.095 + 0.005 GeV . (A2)

The NNLO running, decoupling at flavor thresholds and quark pole mass is taken from [55]. The CKM matrix is given
by the UTHfit collaboration [59]. The inclusive semileptonic branching fractions are given by the PDG [31], where we use
B(D — XI1Ty) = B(D — XI"), consistent with [60], and employ B(D} — Xp*v,) ~ B(D} — Xe'v,.). The particle
masses, widths and branching fractions are given by the PDG [3I]. The decay constants are given by the FLAG [61]
fp =10.2092 £0.0033 GeV, fp+ = 0.2486 = 0.0027 GeV . The bag parameter is [62] Bpo(u = 3 GeV) = 0.757 £ 0.028.

We update the nuclear weak charge of cesium [63] [64] using [31] AQ.,(Cs) = 0.69 + 0.44, where AQ,, = QP — QM.

w

The leptonic pion decay ratio e = I'(m™ = (e*ve + etvey)) /T(nt — (v + pfvuy)) = (1.230 £0.004) - 10~4

1311, RY), = (1.2352 £ 0.0001) - 10~* [65] and, thus we find AR/, = (~5.0 £4.0) - 1077. The anomalous magnetic

moment of the electron is [66] Aa(e) = (—0.91 £ 0.82) - 10712, Moreover [31]

Aa(p) = (288 + 63 +49) - 1071 | (A3)
Impy —mpg| = (0.957041) - 10" 71, (Ad)
B(D* — ptv,) = (3.82+0.33) - 1074, (A5)
B(D} = utv,) = (5.56 +0.25) - 1073 (A6)
and at CL=90% [31]
d(n) <0.29-10"% ¢ cm, (A7)
d(e) <10.5-10" ¥ e cm, (A8)
Bt — utrv,) <80-1073 (A9)
B(p~ —e ) <57-10713, (A10)
B(p~ — e ete” )<10-10 12 (A11)
D(p~Ti— e Ti)/Teapture (11~ Tl) <4.3-10712, (A12)
(= Au— e Au)/Teapture (0~ Au) < 7-10713 (A13)

where Teapture (17 Ti) = 2.59 - 106 s7! and Tcapture (p~ Au) = 13.07 - 105 s71 [67].

Appendix B: Effective Wilson Coefficients

In this appendix we give auxiliary functions and coefficients of the effective Wilson coefficients defined in Sec. [TA]
We find

1 1n1+w1—x
24 21—z 1/2 1—v1—2z
3 2( ) | 2tan_1[ L ] xE(22) >1

s J;:(Q;n) <1

(B1)

L(m?,¢*) =

Vr—1 q

and in the limit m2 =0

5
L(0,¢°%) = 3 +1n % +im. (B2)
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We take from [12]

o) =553 ((3672 — 28872 — 12963 + (1944 — 3247?) In p + 1081n* p + 36 In° p)p

+576m2p2 + (324 — 57672 + (1728 — 21672) In p + 324 1n2 p + 36 In° p)p?

+ (1296 — 1272 4+ 1776 In p — 2052 1In” p)p®)

4
8?((144 672 + 181 p + 181n2 p)p + (=54 — 672 + 1081n p + 181n2 p)p?

+ (116 — 961n p)p?)

92 u2 983 52 A
“lnlfe 4 S 4 =2 1
S +243+817rz+0((,0 np)'), (B3)

where we find the constant terms from [68]. From [I6] we obtain

S0 = {0’07?27?,120} L y® = {o,o,1,-é,20,—1;} (B4)
and [25]
Fé”(p) _ 827r7 ((2 + /’))4 _ g (11 —(11Epp—)&-28p2) 196 \ﬁ\i; (9—5p+2p )arcsing
-5 <(12—+;>) arc‘iﬁ?p‘%lfp)l r=g! HZ - g "9
U O L ]
e ? * % ekl o

Appendix C: Form Factors

We parametrize the hadronic matrix elements in terms of the form factors fi(¢?), i = +,T,0,

(P(pp)|ar*(1 £ 45)e| D(pp)) = f4(d?) (pﬂ - me_qu> + fo(q2)q;2q : (C1)

2
(Plopao (1% 35)l Do) = T2 (g — gyt 4 i p,a,). (©2)

where ¢* = (pp — pp)* = (pi+ +p;- )" and p* = (pp +pp)*. For D — 70 the form factors are scaled f; — f;/v/2 by
isospin. The heavy-to-light form factors are related within the Heavy Quark Effective Theory by means of a heavy
quark spin symmetry [69, [70]. At low recoil [71]

2 2
() = "2 (1= 20w ) () 4 0 (P22 (©3)

C C

The breaking of the heavy quark spin symmetry at large recoil reads [72]

)= (142 (32 2 ) ), (1)

s 3mD—2E mp 3 ¢

where E = (m% —m% —¢?)/(2mp). In our analysis we interpolate between (C4)) and (C3)) and take fq from a lattice
calculation [73]. For the residual form factor we use the z-expansion [20]

fr(d?) = RN to Zaz to) (2(¢%.t0))" . (C5)
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with

Vite —q? — L —1 t_
z(qz,to): + 4 + 0, ti:(ij:mp)2, to =1ty (1“1) , (C6)
Vit =@+ Vi — 1o ty

e o (Ve ey
9(¢* to) = 3 (\/t+ —¢* Vi - to) (t++* t0q)1/4 (\/ ty — @+ \/t:)5 | o

Assuming isospin symmetry, we employ the parameters to second order as given by HFAG [20]
£+(0)|Veg| = 0.1425 £ 0.0019, r; =—-1.94+0.19, ry=—0.62+1.19, (C8)

where r; = a;/ag and m; = (m;+ + myo)/2. Lattice computations for fi(¢?) [73] are consistent with [26], and find
insensitivity of fi to the spectator quark. We therefore use identical numerics for D — 7 and Dy — K form factors.
The form factors as used in our analysis are shown in Fig. [5, We do not take into account uncertainties in f;, which
are < 10% [73] as this enters BSM predictions only, and because they are negligible in view of other uncertainties.

3.5‘ Ll T T T T T T ]

filD-=m)

q? [GeV]

FIG. 5: The solid black line denotes fi within its gray uncertainty band, the dashed blue curve denotes fr(u. = mc) as
derived from Egs. (C4), (C3) and the dotted purple curve denotes fo as calculated on the lattice [73]. Uncertainties for fr that
follow from the parametric ones of fi are not shown too avoid clutter, but are included in our analysis.

Appendix D: Exclusive Charm Decay Observables

Here we give the observables for exclusive charm decays used in our analysis. The form factors f; are defined in
App. We neglect non-factorizable terms. The D — PIl distributions are in agreement with [34]. The dilepton
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spectrum reads

ar __ Ghal
dg?  102475m3,

(; ((ICQI2 +[C1ol?) f3 +4IC7 fT +4Re (C7C3)

2m? 2
X /\(m%hm?)an) (1 + qu> + |C'10|2 <_f-%-/\(m%)am§37q2) + f02 (m2D - m%’) ) T2

m2. — m?2 2
+ (|CS\2 (q2 - 4m12) + \CP\QQQ) fg%

c

4 EDY Am?
*<|CT| +|CT5| ) 24 (mDvaaq ) 17ﬂ
3 q>?

2

+ 8Re [( ) } mD’mP’q )mg

2
¢ ARe [ChoC] fguml

me
Am%, m%, ¢> 4m?

L ) \/A(mg,mng)( =3t (01)

D

where \(a, b, c) = a? + b? + ¢ — 2ab — 2ac — 2be. The differential lepton forward-backward asymmetry defined as the
asymmetry between forward minus backward flying [~ in the dilepton center of mass frame relative to the recoiling
P reads

_ y_Grol mh —mp o
App(q?) = NW (Re [(CsCr + CpCrs)] fr L —
2 _ 2
orel( ) ]
m2, —m? 4m?
+ 2Re [C10Crs] fTDsz>f0/\(m%,m?:,q2) ( - 21> : (D2)
mp q
For vanishing lepton masses the flat term [34] reads
G2 a ( 2 _ 2 )2
F 2 =N F 2 mp P
() = Nggeaecy (5P + 00) 3P EL
A(m2, m%, ¢?
+4(|Cr> +|Crs?) 2(szpq)>(12 A(m2,m%,¢?) + O(my), (D3)
D

where N—1 = f Tonns dg?dI'/d¢®. For the LFV D — Peyu decay distributions we obtain, for m, = 0,

Tmin

dI'(DT — Pte*p¥)  Gia?
dg? 102475m3,

2
A(mh, mi, ¢%) (3 (1Ko]* + [Kro|*) fEA(mD, mb, ¢°)

2 . 2)2
§ (K +EpP) 2R ) o
2q A(TnD77’nPaq2)

|Kr|? + | Krs|
(T | 5) m2D

L2
T3

m2. — m?2 2
+ 2Re [:l:Kgng + KloKI*J] ngmu

C

+ 4Re [Ko K7 + K1oK 5] frf+ Dm—DPmM +0 (mi) ) (D4)

where K; = Kf“) and the plus signs for D™ — Pte™y™, and K; = Ki(e) and the minus signs for D* — Ptetpu™
Compared to Eq. (D1)), additional vector-scalar and axialvector-axialtensor are present in Eq. (D4).
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All Wilson coefficients except for those of the tensors in Egs. (DI)-(D4)) are tacitly understood as C; — C; + C!
and K; — K; + K/, that is, primed Wilson coefficients are added.
The D° — 7]~ branching fraction can be inferred from [34]

2

BD° — ri7) = GE0e i e [y Ami < (1 - 4m12> ’CS —Cs

64731 po m%o m2D0 Me

2) . (D5)

Cp—-C 2m
. le (Cro — Clp)
DO

me

i

The LFV ones read, for m, = 0,

2
G2.02mb f2 m2 (e) _ g-(e) m

0 — 4\ _ TFr%!"polpo " Ky Kg AL (e) _ gr(e)
B(D” —we u") = 647°T po 1 < (K9 K, )

e e)l
Ky - k) L ( (e (e)/)
M Mo

2\ 2 (1) ()
B(D° = p~et) = Ghaempo o (1 _ M ) (‘KS‘ — Ky L (Ké“) —ngw)

+

647T3FD0 m%o

K(#) _ K(#)’
PP o (K - K)
Me Mo

+

> . (D6)

Appendix E: Non-resonant SM ¢ — ull Branching Fractions

In this appendix we provide our predictions for the non-resonant SM branching fractions of the inclusive ¢ — ull
decays and exclusive D — PIl modes. In our analysis uncertainties due to power corrections are not included.
Electroweak corrections, which are subleading relative to QCD-ones, are neglected. For the D — PIll modes we
integrate the branching fractions over different dilepton masses, \/(72 > 2m,; (Table , 0.250 GeV < \/(T2 <

0.525 GeV (Table[IX) and /¢% > 1.25 GeV (Table [X).

mode branching fraction 90% CL limit [31]
Dt — atete™ [4.6- 10712 (£1,73 115, 41,15 T210 +13) 1.1-107°
DY = r Tt |3.7-10712 (1, £3,718 £1,73 158 +10) 7.3-1078
D° — n%te™ [9.1-1071 (£1,41,155, 41,15 T3 13 4.5-107°
D% — 7%t~ (7.3 10713 (41, £3,718  £1, 73 159 +10) 1.8-1074
Di — KteTe™ | 1.7-10712 (2,73 T35 +7 +8 +228 410 3.7-107°
Df — KTpTp |1.2-10712 (42,73 £18 42 71 +167 £13) 2.1-107°

TABLE VIII: Non-resonant SM branching fractions for 1/¢2 > 2m; of D — PIl decays normalized to the width. Non-negligible
uncertainties are labeled by (normalization, mec, ms, pw, s, tie, f+) given in percentage, where mw,/2 < pw,p < 2mw,, and

me/V2 < pie < V2me.

Next, we obtain inclusive ¢ — wll branching fractions. To leading order in the heavy quark expansion and neglecting
lepton masses the ¢?-distribution reads [74]

dl(c — ull) G%agmi s ? 'S 2 2 m?2 2
a2 - 7ese U m2 142005 (G + [Cul?) +4 (275 +1) [

+ 12Re [C7C5] ] , (E1)

where ¢* = (pc — pu)? = (pi+ +pi-)? and (2my)? < ¢* < m?.



mode branching fraction 90% CL limit [30]

DT — ntete™ [8.1-10713 (41,15 723 +13 F10 297 45
D7 Ty T 0 (1,08 ) 0 22
D% — wlete™ |1.6-10713 (1,15 ,723 +11 +10 4297 45
D% — 7Ot | 1.5 10718 (41, 44,733 110 10 4238 45
(

(

2.0-1078

)
)
)
)

Di — Ktete [3.6-10713 (42, 45,123 +12 411 4248 ) -
DY = K*ptp|3.3-1071 (2, 45,155 13101 150 15) -

TABLE IX: As in Table [VIII| but for the low ¢?-region, 0.250 GeV < 1/q% < 0.525 GeV.

mode branching fraction 90% CL limit |30]
DY = 7T 7410713 (1, £6,715 46,79 7336 21)19.6.1078 (1 = p)
D% — 771~ |1.4-10713 (&1, £6,715 , 46,79 536 +27 -
Di — KT (7.9 1071 (£2, £6,715 46,10 1133 +26) -

TABLE X: As in Table [VIII| but for the high ¢*-region, \/¢2 > 1.25GeV, and [ = e, j.
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The matrix elements at NLO QCD are obtained as C; — C;(1 + /7 0;(q?/m?)) |75] (and references therein)

4 2 2 2 1 4
o7(p) = —3Liz[p] = S npln[l — p] = 5% —In[l = p] = S(1 = p) Il = p] + £ = S5,
4 2 2 2 3
o9(p) = —3Liz[p] = S pln[l — p] = 5% —In[l = p] = 5(1 = p) Il = p] + 3,

where 019 = 09 and via Re[C;C}] — Re[C;C](1 + as/m Ti(jl)(q2/mg))

10 = 5y (20 - P ml1 = g +

— +
2+p p

(1—-p)? " 1—p
785 (p) = —m (2(1 —p)?In[l — p] + 3/)(1(‘;0_)(;)2— 2p) mp+ 3(1:?) ’

4(1 - p)?

6p(2 — 2p — p?) 1 11—7p—10p2)

(1) 4p(3 — 2p) 2(5 — 3p)
=———"—In|l —p| - Inp—
T79 (P) 9 n[ P] 91— p)? np 91— p) ,
Wy By L p6-Tp)lp  (3-Tpt4p*)nll - p)
710 2 3(1-3p) 3(1 —p)? 9p
1
+ T5 e (24 (1 + 139 — 49°) Lialy/3] + 12 (1 — 175 + 60°) Liz[e] + 6p(6 — 7o) Inp

+24(1 — p)?Inpln[l — p] + 12 (—13+16p — 3,02) (In[1 — /p] — In[1 — p])
+ 39 — 21> 4 252p — 26m°p + 21p° + 87%p* — 180y/p — 132p\/p] ,
W, _ 5 1 p(6—T7p)lnp  2(3—5p+2p?)In[l — p]
(1=p) (1-p) P

- ﬁ [48p(—5 + 2p)Lin[y/p] + 24 (—1 + 7p — 3p°) Lia o] + 6p(—6 + 7p) In

—24(1— p)*Inpln[l — p] +24 (5 — 7p+2p°) (In[l — /p] — In[1 — p])
— 21— 156p + 207°p + 9p° — 87%p* + 120,/p + 48p/p] ,
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where 71919 = To9. We obtain the NNLO term §(2|Cy|? = |Co|?(avs/7)? 7'9(3 (q?/m?) as [T6]

]- 5
7 (p) = ———5————[2(2.854 — 0.665p — 0.109p> — 8.572p° + 5.561p" + 0.9315%)
(1—p)* (1+2p)
L2
+ 3 (0063615 +0.098146p +0.144642° — 0.3073315" + 0.107417p" +0.020707°)
16

+3 (3.575 — 2.867p + 2.241p* — 12.027p° + 11.564p" — 2.489p°)
4 (—8.151 +2.990p — 3.537p> + 36.561p" — 42.275p" + 23.899p° — 9.494/°) | . (E9)

We normalize to the ¢ — (d, s)lv width and the experimental branching fraction

dBpx,u _ B(D — X4,)lv) dTc—un (E10)
dq2 Fc%(d,s)lu dq2

with [77]

G2m? g a2
Cemtaon = e 3 Wal? (Xoloma/mo) + 2 X1 (mg /) + (%) Xamg/ma) ) (B1)
q€{d,s}

where the functions X; are given in [77]. Power corrections can be inferred from [78] [79]. They are, however, not
included in our numerical analysis, as the OPE breaks down for large ¢? when the inclusive decay ceases to be inclusive
but rather degenerates into few exclusive modes. Yet, the power corrections in the region where the OPE works are a
small effect on the uncertainty budget at low ¢2. A comprehensive treatment of the full g?-region is beyond the scope
of this work. Our resulting inclusive ¢ — ull branching fractions are compiled in Table [XT]

mode branching fraction
DY = XFete™ |9.4-10719 (£2,77 718 47 +1,7199)
DY — XfpTp|2.0-10710(£19,73 F15 78 +£1,720)
D° — XPete™ |3.8-10710 (£2,17 719,47, £1,1.%)
D% — XOutp~ | 7.7-1071 (9,75 T15 8 41, 1120)
)
)

DY = XFete  |3.8-10710 (£7,77 718 47, +1,71%°
Df = X pTp= | 75107 (£7,72 715 78 41,720

TABLE XI: Non-resonant SM branching fractions for y/¢? > 2m,; of D — X, Il decays normalized to D — X4 slv and vanishing
lepton masses except for the lower cut. Non-negligible uncertainties are labeled by (normalization, m., ms, puw, tw, fic) given
in percentage, where mw,/2 < pw,p < 2mw,, and mc/ﬂ < pe < V2me.

Appendix F: Leptoquark Constraints

In this appendix we provide constraints on the couplings of the scalar and vector leptoquarks of Table [[TIl Collider
experiments find M 2 1 TeV [0, RI], thus we use M = 1TeV as reference. We neglect RGE effects from M
to pw and further to p. noting that Q9 and Q19 do not scale and Cgp(p ~ 1TeV) ~ 0.5Cs p(n ~ ) and
Cros(n ~ 1TeV) ~ 1.3Cr ps(p ~ i) at one-loop QCD [34]. Neglecting such effects is within the accuracy aimed
at in this work. We do not constrain non-gauge vector leptoquarks, which could depend on the cutoff-scale within
some model [45]. We first list the constraints on the couplings and the related observables for scalar (Tables and
and vector (Table leptoquarks. Our constraints are consistent with, update and extend those of [45], [54]
and we note that quark doublet couplings are additionally constrained by kaon physics [45], [54]. Results are given in
Table [KXV] Next, we calculate the constraints of Tables [KIINXIV] where the experimental limits are given in App. [Al
We note that fermion doublets coupling to leptoquarks are implicitly added. We obtain constraints using D — Pl

(Eq. . D — Pep (Eq. . D — 1l (Eq. . and D — pe (Eq. .

Scalar leptoquarks contribute to the D° — D mass difference [45], [82]

NG )\(ul)
( Lgélgr?M) ) (F1)

2
ASmDo = ngf%BD



couplings/mass constraint observable
IAg <9.1072 Vad
A(Lue))\gge) ~ [—0.08,0.8] nuclear beta decay
R <9-1072 ot = utue
N LA | S1-107 D* o rtete
M AL | <$2-107" DY — ey~
A Ryl <2.107" Dt e pt
|)‘(“L}32 )‘(CLH,)R | <2-1072 DT = atutu”
{Ag%g{;@ : ~ [=0.005, 0.05] D — uty,
AL\ fee) ~ [0.00,0.01] Aae
AL ) (or) ~ [=0.2,-0.1] Aay,
(P& + M55, 0l + NGRIDY ~[0.2,0.4] Qu (Cs)
(AN — 0,02 A A ARy,
—0.0002 (]S = NG 1%) ~ [~0.00001, —0.000003]

S s r A Rsyr — 0.02259A5) ~ [~0.009,0.01] Dt — ptu,
|ALee) Need g\ (e ylee)) <1-1072 D° - ete”
AP DAED AT ~[0,0.01] Ampo

|)‘(sqleL),SlR)‘(sq1HL),is| <1-107° no—ey
INSi2,5, R AN 52 <5-107*
AR $3-107°
INERALR | $9-1077 pn—e(Au)
RSy oY 71077
MDA S4-107"
|>‘E~?61€£,51R>‘(STL),313| <9-107°
IA(S?L?Q?A%;“L;,SQRI $8:107"
AL RARL <1-10”
A <1-10° i e ete
A 2GR $3-107°
ARG $1-107
IR $3-107
X RAGRl <6107
|)‘(56162,is)‘(581“1)2,le| <6-107°
Mrts, Ao R 501 $5-107°
IO+ AN <8-107! D® — pteT
MERAGL + LR N $1-1077
G N (o)) Gy (e <6102 DYt
|)\(Luu>/\§%cu) + /\gu))\(Lcu” <4. 10~3

TABLE XII: Scalar SU(2)-singlet and -doublet leptoquark constraints for real couplings scaling as TeV/M and /TeV /M for

Ampo. Additionally, |Im[)\(Lu”>(/\g“))*}| < 3-1077 and Im[)\(Lce)()\Sge))*] < 3-107'° from bounds on neutron and electron
electric dipole moments.

(times 2 for S|z, and times 5 for S3). While constraints from |AC| = 1 transitions scale as A\*/M?, the ones from
mixing behave differently, as (A\*)2/M?. In our analysis we neglect the SM contribution [83] [84].
Matching onto the nuclear weak charge [85]

Quw(Z,N) = —-2((2Z+ N)Ciy + (2N + Z)Cha), (F2)



couplings/mass constraint observable
A <01 Qu (Cs)
[A(ue)] <9.1072 Va
A(ue) \(ee) ~[-0.6,1]| D* = utu,
|A(ue) y(ee)| <1107 | DT = afete”
|A(ue) \(en)| <2.107' | DY s rtetp™
| AL \(ee)) <3.107' (DY s ateput
‘)\(uu))\(w” <1-1072 |Dt > ntptu”
‘)\(uu))\(cu)| <6-1072| D° = ptp~
(=AM 4+ ACI)2 |~ 0.2, 0.4) AR/,
A\ y(ee) \ew) || < 51074 u- ey
(Awe) x(ee) L \(um) \(er)y | [0, 0.007) Ampo
A N(em) g N \(ea) | < 8. 1071 | DO — pFeT
[A(we) \(ur)| <7-1077 u—e(Au)
‘)\(Ce))\(cﬂ)‘ <9.1073
[Ae) N (ui)| <1-1072% | p = e efe
‘A(CE))\(W)‘ <6-1073

TABLE XIII: Scalar SU(2)-triplet leptoquark constraints for real couplings scaling as TeV/M and /TeV/M for Ampo. For

the constraint from the weak charge we apply its 20 interval.

couplings/mass constraint observable
IAG] <0.1 Qu (Cs)
NG ~0.1
NG| <6-1072 Vid
ARG ~[-0.3,0.5)] D* = utu,
|A(ue) \(ee)) <6-1072 | Dt > rtete”
[A(we) \(er)| <1-107! |Dt s atetpy”
[N y(ee)| <1-107! |Dt s ate pt
|>\(uu)/\(cu)| <1- 1072 |DY s atutp”
|>\<w)A(cu)| <3. 102 D° =yt~
(IS + G132 ~ [0.2,0.3] AR.,
[N N(em)  \(ur) \(ee)| | < g 1078 D — ptet
|Atae) \(am)| <1-1074 poo— ey
AN <6-107°
|A(ue) \(un)| <7-1077 u—e(Au)
G, G| <1-1072
GG <6-107°
IAGING] <7-1073
|A(ue) \(ur)| <4-107* | pm s eete”
IAGIAGH| <2-107*
I G| <8-107*
GG <6-107
|)\§/cae))\§/63u)| <3. 104

TABLE XIV: Vector leptoquark constraints for real couplings scaling as TeV /M. For the constraint on ‘71,2 from Q., we apply

its 20 interval. For V3 all constraints have to be multiplied with a factor of 1/2.
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couplings/mass constraint observable
PEIAG) S 4107 (K — mton) /(K — rewe)
AGIAG <2.1073 K} — ée
INGHINGR <1-107° Ki — éep
PG Sswt| kg
|)\(ue>/\<68>| <4107 (K = 7tow) /(KT — 7%w.)
|)\(ue))\(c,u)| |>\(“#)A(Ce)| <1. 10_5 KL — 6/.!
|)\(1;u))\<63u>| <3.107* K? — fip
AN <1-1073 K} — ée
|)\(ue))\(w)| |>\(w)>\(ce)| <5.10°¢ K} —ep
|)\(uu>/\(cu)| <2.107* K% — ap
ALTC] S8 1077 |(K* — nhow) /(KT — new.)
|)\§/1;e))\(cu)| , |)\(UH))\(09)| <3.10°6 KL — eu
|)\(uu)/\<cu>| <7-107° K? = fp

TABLE XV: Constraints on the leptoquark coupling products from kaon decays [54] scaling as TeV /M.

where Z is the proton number and N is the neutron number, we find

(ue) 2 (ue) 2 (ue)
55, Cru = 65,Clro = v P - | 05,Cra = — W‘ASQR
S1V1iu — 05, V1 — 8GF M2 ) S.Uld — — 8GF M2 )
(ue)|?
1 V2 ‘A
55301u = 5 Sgcld SGF M2 )
‘)\(ue
v
0y, Cru = 0y, Cry = 4GF 1\2; ;
\[ ‘)\ ue) \/» ‘A(ue)
v, Cry = v, Cra =

2Gp M2 4Gp  M?

We do not match V, due to an additional dg-quark coupling [45].
The shift in the anomalous magnetic moment of a fermion f due to a scalar LQ reads [86]

3m 1 N2 "2 1 , 1
Aay =~ <mf (‘)‘Elff )‘ + : ) (Qéf = Qe)

1672 M2
eompme [ (40)) (<02 )0 - ) )
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(F4)

(mp — —my and A — \* for 7 3). Here, Q. and ng/) denote the electric charges of the leptoquark and the fermion

/" in the loop, respectively. The contribution to the electric dipole moment of f reads [36]

2
€ Y (\EONT s Iz
o= gz [ ()] ((-o-2m i o).

(F5)

times 3 for color if f’ is a quark. For electrons |[d5M| < 10738 e cm [87]. The neutron electric dipole moment receives

contributions from quarks d,, = 4/3d4 — 1/3d,,, with d5™ ~ O(107%%) e cm [85].
The lepton flavor violating radiative muon decay in case of a scalar LQ is [89]

6SBH—>6’V (| LR| +| RL|>

(F6)
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where we note the typo F; < F» in [89]
3 1 o\* (1 1
FLror = 1672 M2 (A(qug ()‘(LQJ%) <6ng) - 12Qe>

2
Mgy (y@e)\ (3 ") o L
-~ AR,L (AL,R> (( 3 In M2> Qe 2Qe (F7)

(mg = —mg and A — X* for S3). In case of a vector LQ [45]

1m 2 2

OvBusey = ﬁgi;: (‘FV| + ’FA| ) (F8)
with
|)\(q6))\(qu)| m7i

VAl _
|F ’_ aedm 3272 M?2

(ew2+.5) (F9)

(times 2 for up-type quarks in scenario V3).
The lepton flavor violating muon decay in case of a scalar LQ is [90]
5B _ o, Tl + |Tir|* + 2 (1Tasl? + [Torl?) (8 - — 11
HTeee T 32nT, 3 2m.
- 4Re[T1LT2*R + TQLTI*R]

1

*t3 (2(1Zogul® + | Zrgrl?) + 1 ZLgrl® + | Zrgi|?)
1 1

+ 6 (|BlL|2 + |BlR|2) + g (‘B2L|2 + |B2R|2)

+ —Re[(T1.Bi, + Thr B, + TirBig + TirB3g)

=W N

— gRe[TQRBTL + TQLBTR + TQLB;R + T2RB;L]

2
+ gRe[BlLZszl + BirZi9r1 + Bor.Z7 gr1 + BorZ k911
2

+ §R6[2(T1LZZQLZ + T rZx9r1) + TheZig9ri + TirZR 911

2 *
+ gRe[—‘l(TZRZszl +TorZRgr1) — 2(Tor Zpgn + TQRZLQRZ)]> ; (F10)

where we correct the typo in Z, g related terms in [90]

3 1 NF[[4 1. m? -1
TiLar =10 WA(L% (A%) ((9 e Mg) @+ 18Qe> ’ i
3 1 ON*1 m N[ 3 m?
oo = 523 (- (A%L) (W2) G+ meri () <_2 —n M)) Z
"
o\ * 1 m, a\* 1
+ (i (1) g5+ o (A1) 5) @) (F12)
3 1 yaw ((@e))* 1
T — N7 (/\ q )
LR 1672 M2 LR LR m% sin? 0, cos? 0,
3 m?2 3
X (meSQququ — mg (1 +1n ]\4(;> 9Rq,Lq —|—m282(—g)> , (F13)
3 . | re)? —1
Biar= 5504 (M9) PR (F14)
3 N [ (e |2 —1
B2L,2R - 64’]‘(2 )\(L?f}g (Ag{%) ’A%,L) W (F15)
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and
grprs = T30 — QW sin?6,,, g=T5 — Qcsin®6, (F16)

(mg = —mg, A = A" and gp <> gg for Sy). Here, T3 is the third component of the weak isospin of the LQ and fr r
label chiral fermions, that is, grs ry are SM couplings and g is the LQ coupling. In case of a vector LQ [91]

2 m? M(qm(qe)f
o2 M

M GEAT (F17)

3a?
(5VBM—>eee = 8771'5 (Q(EQ))
times 4 for up-type quarks in scenario V3), where we neglect terms ~ Q., m2/M?-suppressed box-diagrams and
f
mfc /m?2-suppressed Z-diagrams.
Matching onto the pu — e conversion in nuclei rate [92]

2

1 u u,n
Dye= 4m2 EODRD + CSLG(S ’p)S(p) + CSLGSSV ’ )S(n) + QCVRV(p) + CVRV(H)

2

<1
+4mj, | ZCprD + CsrGYP SP) 4 CspGE™SM 420y V) 4 Oy v (™) (F18)
we find
Ae) (Agm)* N (/\(Luu)>*
0sCvr=——— 5, O0sOvi=——"rm—"—,
AGe) (Agm)* AQe) ( )\(Luu))*
0sCsp = ———F—5——, 05Csp = ——F75—"—,
4M? 40
1
0sCpr,pL = ﬁF;RL,2LR7
(ue) (y(up)\™ (up) (y(ue)\™
(5" C _ )\‘71 ()\‘71#) 5 C o >\V2IL (AV2 )
VRS T o TR VR T oA
(up) (ue)\™* (ue) (up)\*
wCve = — oAz v,Cvi = a2
1
5o . C = (|FV|+ |F4]),
V1,V ¥ DR,DL 4mi\/m ({ ’ | D
1 \4 A
a5 Coror = = e ([ 7 (7)) (F19)

(A = A* for Ss), where F;RL’QLR are given by Eq. 1' and |FV+4| are given by Eq. 1) (times 2 for up-type quarks in
scenario V3). We neglect loop-suppressed gluonic interactions. The nucleon form factors are given as Gg.u’p ) = 5.1 and

G(Su’") = 4.3 [92] and we take the overlap integrals of muons and electrons weighted by proton and neutron densities
for titanium and gold

Dr; =0.0864, S® =0.0368, S =0.0435, VP =0.0396, V" =0.0468,

Dau=0.189, SP =0.0614, S =00918, V& =0.0974, V" =0.146. (F20)

Matching onto the leptonic pseuodoscalar decay rate [93]

2

G f3 (m% — m?)2 V2 m2 V2

T Ly = Vo —(C —C —Pr Y= (C e F21
Pl F— myVyq +ml4GF( VRL viL) + e 4GF( SLR SRR) (F21)
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we find

l Y *
128 (A7)
2 M?2 ’
1 H\*
1 AR ()\(sqz)L)
2 M2 ’
(a) (@D\*
1 )\5'3 ()\53 )

5S3CVLL - 7§T ’

A@D (/\<ql>)*
Vs Vs
6V3CVLL = _T s (F22)

18R (A7 )

0s,Csrr = —5 e )

0s,Cvrr =

0s,Csrr =

We do not match V5 due to an additional dy-quark coupling [45].
We deduce the shift in R./, = Trser, /Tr,

1 l=e l=e 1= 1=
§LQR@/H = RS% Re[ (Cl(/RL) - Cx(/LL)) - (C\(/RZ) - \(/Lg))

V2G Vi
(i=e) (I=e) (I=p) (I=p)
n m (Csu; - SRIZ _ CSng - SR;% )] . (F23)
my, +mg Me my

and the shift in the CKM parameter

ALQ Viud \/5 (ue)
Vud - 4GF CVLL (F24)

by means of quark beta decay normalized to muon decay.
We match onto nuclear beta decay parameters to constrain Wilson coefficients [94]

Gra. Cr +Crs

—0.14-1072 <
Vor Ca

<1.4-107% (90%C.L.), (F25)

where C’iM = —1.27TGrVya-

We obtain no constraints better than [A\| < M/TeV from the decay 7 — pe, Amp via vector LQs [21], the D° — D°
lifetime difference [95] [96], the anomalous magnetic moment via vector LQs [97], the decay Z — ff via scalar LQs
[98], the decay Z — ep via scalar LQs [89], triple correlation coefficients in nuclear beta decay [99HI0OT] nor additional
nuclear beta decay parameters [102].
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