PHYSICAL REVIEW D 93, 074001 (2016)

Flavor and new physics opportunities with rare charm decays into leptons
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Updated standard model predictions for D) — PI*l~, l=e, y, P =z, K and inclusive decays

are presented. Model-independent constraints on |[AC| = |AU| = 1 Wilson coefficients are worked out.
New physics (NP) opportunities do 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.
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I. INTRODUCTION

The study of flavor-changing neutral current (FCNC)
transitions is a key tool to explore the generational structure
of standard model (SM) fermions and to look for physics
beyond the standard model (BSM). While analyses involv-
ing b quarks are matured to precision level [1], the
investigation of charm FCNCs is much less advanced, as
corresponding rates are highly GIM suppressed and exper-
imentally challenging and/or decay modes subjected to
resonance contributions, shielding the electroweak physics.

Semileptonic charm hadron decays provide an oppor-
tunity to probe for new physics in |AC| = |AU| =1
FCNCs [2]. Such processes, induced by ¢ — ul™l-,
[ = e, u, allow us to kinematically reduce the resonance
background via ¢ - Mu — [T]"u, where M denotes a
meson with mass m,, decaying to dileptons such as
M = ;7(’>, p, ®, ¢, by kinematic cuts in the dilepton
invariant mass squared ¢°, notably ¢> 2 mj. The available

phase space is, however, limited, at most Ag”> ~ 2 GeV? for
the most favorable decays D™ — z+/TI~, and the reso-
nance tails remain overwhelming in the decay rates until the
endpoint. Accessing short-distance physics is still possible
in two situations: (i) when BSM-induced rates are much
larger than the SM background and (ii) using SM null tests,
that is, specifically chosen observables. The latter are
generically related to SM (approximate) symmetries, such
as CP in ¢ — u 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®uT.
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
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resonance pollution. Therefore, for LFV charm decays,
no cuts in ¢ are required from the theory perspective.
Similarly, ¢ — uvv 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 phys-
ics because they link quark flavor to lepton flavor. A rich
phenomenology and correlations between different kinds of
flavor transitions, K, D and B decays as well as LFV, allow
us 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 at LNU [6—10].

The plan of the paper is as follows: In Sec. II we work out
SM predictions for ¢ — ul™[~ processes, including recent
results for higher order perturbative contributions [11]. We
identify BSM windows in rare exclusive ¢ — u/™/~ modes.
In Sec. 11 constraints and predictions are worked out model
independently and within leptoquark scenarios, amended
by flavor patterns. In Sec. IV we summarize. Auxiliary
information is compiled in several appendixes.

II. STANDARD MODEL PREDICTIONS

We work out SM predictions for exclusive semileptonic
charm decays. In Sec. Il A we obtain (next-to-)next-to-
leading-order [(N)NLO] results for the (effective) |AC| =
|AU| = 1 coefficients. In Sec. II B we work out branching
ratios, including resonance effects, and compare to data.

A. Wilson coefficients

We write the ¢ — ulTl~ effective weak Lagrangian
[11-13] with two-step matching at the W-mass scale and
the b-quark mass scale, respectively, as

© 2016 American Physical Society
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Here, G is the Fermi constant and V;; denote the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements. Within the
OPE (1) and (2), 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
[14-16]

P(1q) = (8.7, T*q)(qrr"" Tcy), (3)

PY = (it,7,,41)@7" c1). (4)

Py = (iLy, cL) Z (@rq). (5)
{qim<u}

Py =iy, Tc) Y (@ T%q), (6)
{g:my<u}

Ps = (iryututmer) Y, (@"rraq),  (7)
{azmg<u}

P = (17,17, TL) Y (@r'r=rTq), (8)
{g:my<p}

4 _
P; = _zmc(uLGM]MCR)Fm/Az’ (9)
1 _

PS = —mC(MLG”mZTaCR)GZIﬂZ, (10)
e? -

Py = ?(ﬁL}/ﬂch)(lyﬂ]D’ (11)
2 p—

Pig = — (g, c)(ly'ysl), (12)

g

TABLE L The ith order contributions (a,/(47))/C\", i =
4, = m,. The last row gives their sum, C (m,).
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where g; » = (1F75)/2q denotes chiral quark fields, 7
are the SU(3). generators, e is the electromagnetic
coupling, g, is the strong coupling, o*1#2 = i[y*1, y#]/2,
F, ., is the electromagnetic field strength tensor, Gy ,, is
the chromomagnetic field strength tensor and the covariant
derivative is D, = 0, + ig, A T + ieQA,.

In this section we give results for the (N)NLO QCD SM

4n

Wilson coefficients
) 2
+ O(aj(w)). (13)

C) > (uy) can be inferred from [15,17], and Cs_1o(uw) = 0
due to CKM unitarity for vanishing light quark masses. If
one were to keep finite light quark masses in the Wilson
coefficients at uy as in [18-20], spurious large logarithms
are induced, e.g. [21],

ay(u) ay(u)

4z

&+ (

= -2). m?
Z VﬁunqCéq>(/¢W) = V&Vus ( 9 )ln_2 = —(.29,
q=d.s.b my
(14)

a procedure that is not consistent with the factorization of
scales in the effective Lagrangian [11,13]. Logarithms are
resummed to all orders in perturbation theory via the
renormalization group (RG) equation [17,22,23]. After
RG evolution of 6‘1.2 from uy to u,, we integrate out
the b quark at u,,, which induces nonzero contributions to

P5_,o, and then we RG evolve 6‘,,,0 from yu;, to u.. The
resummation to NNLO is worked out in [11], 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 Appendix A, we find the SM
Wilson coefficients at the charm quark mass given in
Table I.

We write the matrix elements of the operators Py 4 in
terms of effective Wilson coefficients CST(u,.) and

7.9
CSff(u.) = 0. We find to one-loop order

0, 1, 2 to the SM Wilson coefficients [see Eq. (13)] at

j=1 j=2 j=3 j=4 j=5 j=6 j=7 j=8 j=9 j=10
o —1.0275  1.0926 —0.0036 —0.0604 0.0004 0.0007 0 0 —0.0030 0
(a,/(4x)C1) 03214 —0.0549 —0.0025 —0.0312 0.0000—0.0002 0.0035 —0.0020 —0.0064 0
(a,/(4x))2C? 00766 —0.0037 —0.0019 —0.0008 0.0001 0.0003 0.0002 —0.0003 —0.0037 0
¢ —0.6295  1.0340 —0.0080 —0.0924 0.0005 0.0008 0.0037 —0.0023 —0.0131 0
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in agreement with the corresponding calculation in b-quark decays [24], and
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() = Zyl () (s + ) swim D@ mdet] as)
I
with €5t = C{" + 3¢y CI” and C\_¢ consistently  m,/v/3 <y, < v2m, we find (—0.0014—0.00547) < C; <
expanded to order a,. The functions f, L and F 2(;7’9) and  (—0.00087—0.0033i) and —0.060X ,(u. = \/2m,) <

(7.8)

the coefficients y; are given in Appendix B. The

coefficients C'f ~ V7, V,,;, induced by the two-loop matrix
elements of P3_g and C&" induced by the two-loop matrix
elements of P , are not known presently and are neglected
in the following analysis. Hence, the NNLO result is not
known; it is labeled as (N)NLO.

For the phenomenological analyses in Secs. II B and III,
it is customary to redefine the dilepton and electromagnetic
dipole operators and use

Q7 = %(ﬁaﬂVPRc)wa (17)
Qo = (ity,Prc)(I"1), (18)
Q10 = (ity,Prc)(ly'ysl). (19)

Their effective coefficients C; 919 = C79.10(g*) are related
to the ones of P; g, as

4 off
Cro.10(1:) = () [ViaVuaCy. 9(1())(/&)
VeV, Coll) 20
+ cs " us 7910(/’%)] ( )

Using >, _;5VéqVug = 0 makes manifest that the coef-
ficients are GIM or Cabibbo suppressed, specifically,
L(m3, q%) — L(0,¢*) = O(m3/mZ) at high ¢*.

The effective coefficient Cy, Eq. (20), in the SM is shown
in Fig. 1. C; is not shown because its g> dependence is
negligible. Note that C;j =0, and that C; and Cy are
primarily set by the matrix elements of P;,. For y. = m,,

= (—=0.0011 — 0.0041i) and Co = —0.021X,,, where
de = (V:dvudL(mfziv q2) + stvusL(msz" qZ)) Varylng

Cy <0.030X 45 (. = m./+/2). For ¢> = 1 GeV?, we obtain,
as a result, a small SM contribution, |Cy| <5 x 1074,
The one-loop contribution to Cq is suppressed by

cancellations between (~71 and 6’2. Therefore, the two-loop

matrix element of quz) (4e), g = d, s inducing Cy, of the

order |V:,V,4| x ay(u.)/(4r) x GIM-type m?2/m? sup-
pression at g2 = O(m?2),' could numerically be of similar
size as the (N)NLO one.

B. Phenomenology

In this section we study the SM phenomenology of
D" — ztutu~ decays and introduce SM null tests. Decay
distributions are given in Appendix D, and the requisite
form factors f; are defined in Appendix C. In particular, in
our numerical analysis the vector form factor f, is taken
from data [26], and the dipole one f7 is related to f,
through the (improved) Isgur-Wise relations at low and
high ¢?, between which we interpolate, cf. Appendix C. A
third form factor, f), does not contribute at short distances
as it multiplies C;(, which vanishes in the SM. In Fig. 5,
f+(g®), fr(¢?) and fy(q*), which can contribute in SM
extensions, can be seen. In our calculation we expand
squared amplitudes to order a2 and apply the pole mass for
m, in matrix elements.

Integrating the distribution in different ¢> bins yields the
nonresonant SM branching ratios given in Table II. 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 uncer-
tainty stems from the charm scale y.., which is varied here

"This behavior is also supported by a related calculation in
b — sll decays [25].
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FIG. 1. The effective coefficient Cy(u, = m,.) given in Eq. (20)
at NLO and the pure (N)NLO terms in the SM. The two-loop
matrix elements of P, are not known presently and are not
included. See text for details.

within m./v/2 < . < v/2m,. The effect of a larger upper
limit on u, is to enhance (decrease) the branching ratios at
low (high) ¢°. For instance, allowing for values of y, as
large as 4 GeV doubles (cuts into halves) the branching
ratios obtained for u.=+2m, at low (high) ¢
Consequently, the effect on the full ¢ range of integration
averages out. The other scales are varied within
my /2 < pwp < 2my . Uncertainties due to power cor-
rections are not included. Electroweak corrections, which
are subleading relative to QCD ones, are neglected. We
checked this explicitly by calculating the effects of electro-
magnetic mixing among the P; at leading order [28,29].
Additional uncertainties from a,(m;) = 0.1185 £ 0.0006
amount to a few percent.

Further nonresonant SM branching fractions for inclu-
sive ¢ — ull decays and additional D — PIIl decays are
also worked out and given in Appendix E. Our findings are
consistent with [13,30], but disagree with those of [18-20]
by orders of magnitude. As already discussed around
Eq. (14), this goes back to the inclusion of light quark
masses in [18-20] in the matching at pyy.

Next we model the contributions from resonances by
using a (constant width) Breit-Wigner shape for Cy — C9R
for vector and Cp — CR for pseudoscalar mesons,

TABLE II.

PHYSICAL REVIEW D 93, 074001 (2016)

. 1 1 1
CR =g e ——
o e (qz —my+im, U, 3q*—m} + imwa>

5,
a¢e G

qz — mé + im,/)r{/, ’

a, e a,
R = 1 + u , 21
P @ —-m+imD, ¢ — my + imy Ty 1)

where I'); denotes the total width of resonance M = »"), p,
o, ¢ and we safely neglected the SM’s CP-violating
effects. Since the branching fraction of D™ — 7zt w 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 D' — ztp [30]. 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 - z"M(— ptu~)) = B(Dt -
Mza")B(M — p"pu~) and taking the right-hand side from
data [31] and B(yy' = utu~) ~ O(1077) [31,32], we obtain

a, = 0241000 GeV2,  a,=0.17£0.02 GeV?,
a, = 0.000607(5000s GeV2,  a, ~0.0007 GeV2.
(22)

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

The SM differential branching fraction of D' —
xTuTu~ decays is shown in Fig. 2. The dominant reso-
nance contributions above the ¢ peak are due to the ¢ and
the p. The relative strong phases &, ,, are varied inde-
pendently within —z and z. The dominant uncertainty
stems from the unknown phases; only near the resonance
peaks do the uncertainties in the factors a,;, become
noticeable. At high g the resonances die out with increas-
ing ¢?, however slowly. For instance, we obtain
|CR(1.5 GeV?)| £ 0.8 and |CR(2 GeV?)| < 0.4, exceeding
by many orders of magnitude the SM short-distance
contribution to Q.

We learn the following: There is room for new physics
below the current search limits [27] and above the

Nonresonant SM branching fractions of D™ — zu*u~ decays normalized to the total width. Non-

negligible uncertainties correspond to (normalization, m.., mg, py, Uy, He, f 1), respectively, and are given in percent.
In the last column we give the corresponding experimental 90% C.L. upper limits [27].

g% bin

B(D* — ztutp )M

nr

90% C.L. [27]

Full ¢*: (2m,)? < ¢* < (mp+ —m,+)?
Low ¢%: 0.250> GeV? < ¢ < 0.525% GeV?
High ¢*: ¢* > 1.25? GeV?

3.7 x 10712(£1, £3,518  £1,5 158 18 7.3 x 1078
7.4 x 10783(£1, 24,13 1) 110 1338 1) 2.0x 1078
7.4 x 10783(£1, 6,717, 6,79 1130 7 2.6 x 1078
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FIG. 2. The differential branching fraction dB(D* —

' utp)/dg? in the SM. The solid blue curve is the nonresonant
prediction at u. = 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. (22) at 1¢ and varying
the relative strong phases. The dashed black line denotes the
90% C.L. experimental upper limit [27].

resonance contribution; at very high and very low ¢2. 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. IIL.

The dominance of resonances in the decay rate for
SM-like Wilson coefficients is common to all ¢ — ult[~
induced processes, such as inclusive D — X, [*1~, or other
exclusive decays, e.g., D — axl™l~ [33]and A, - plTl".
Choosing ¢ — ul™l~ induced decay modes other than
D" — ztITI~ does not help us gain BSM sensitivity in
the dilepton spectrum; however, other modes may allow us
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 — zl"l~ decays, notably, the lepton forward-
backward asymmetry Apg and the “flat” term [34], Fy
(see Appendix D). Both observables are null tests of the SM
and require scalar or pseudoscalar operators and tensors to
be non-negligible. A promising avenue to probe operators
with Lorentz structures closer to the ones present in the SM
is to study CP asymmetries in the rate

B dr'/dg* — dr'/dq?
[ dg?(dr/dg? + dT'/dg?)

Ace(q) (23)

where dI'/dg? denotes the differential decay rate of the
CP-conjugated mode, D~ — n~[]~. The difference of the
widths can be written as

PHYSICAL REVIEW D 93, 074001 (2016)

dr dr Glzpoz2 m?
E 98 _TF%  Bmemi. ) (1—aL
dg> dg? 3847 m3, (. 1. &°) 7
m
X <1 + zq_21> (Im[V,Via (Ve Vi) Im(c yc5]

+Im[V7,VqA5lime,]f ¢
+ Im[VisvusAé]Im[Cs]f-ﬁ-)’ (24)
where the first term in the last row corresponds to the

tiny SM prediction, whereas the ones driven by Ay =
CBM 4+ €} correspond to possible BSM contributions, and

Ar | _efi(d) , Mo R I

Cqg = a_32C7 me—D + C5 | p—onty 7‘/&‘/” . (25)
4r ff(s me

Cs = O{_SZC{; ( )fT mp + C19i|¢70n1y Vjs;us . (26)

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’s) in ¢, ,, respectively. The resonance contributions
allow us 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?,V,a(VesVis)]. We find [ASM (¢%)] < 5 x 1073, peak-
ing at ¢> ~ mj, 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 phenom-
enological model for CR, it allows us to see large BSM

effects. We show this explicitly in Sec. III, where we also
study LFV decays.

III. BEYOND THE STANDARD MODEL

We discuss testable BSM effects model independently
in Sec. Il A and within leptoquark models, which are
introduced briefly in Secs. III B and III C.

A. Model-independent analysis

To study BSM effects we extend the operator basis
(17)~(19),

weal 4G 27 ] [
‘Ceff k(ﬂ ~ mc) - —F_ZCS )Qz( ),

(c = ul*l),
(27)

where
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0y = (ay,Prc)Irl), QY = (iy,Pre)(Iyl),
o\ = (ay ol = (ity, Pre)(Iy*ysl),

WPre)(Ir'ysl),
i, oV =@P.c)).

o = @Pxe)(ysl), QY = (aPyc)(lysl),
1 L
07 =3 (@oe)(o, ). Qs =5 (50" ) (lo,ys)).

(28)
|
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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,(”) = C, etc.

Neglecting the SM Wilson coefficients, we find the
following constraints on the BSM Wilson coefficients from
the limits on the branching fraction of DT — zTutu~

given in Table II in the high ¢? region (1/¢*> > 1.25 GeV)
at CL = 90%,

0.9|Cy + Cy|* +0.9|Cy9 + Clo|* +4.1|Cs + C|* +4.2|Cp + Cp|> + 1.1|Cy|* 4 1.0|Cys|* + 0.6Re[(Cy + Cy)C3]
+ 1.2Re[(Cyo + C)o)(Cp + Cp)*] + 2.3|C4|* + 2.8Re[C7(Cy + C§)*] + 0.8Re[C,C5] < 1. (29)

Analogous constraints in the full g> region are somewhat stronger. They read

1.3|Cy + Cy|* + 1.4|C g + Clp|* +2.2|Cs + C* +2.3|Cp + Cp|> + 0.9|Cr > + 0.8|Cys]> + 0.9Re[(Cy + Cy)C5]
+ 1.ORe[(Cyg + C1)(Cp + Cp)*] +3.7|C5|* + 4.4Re[C7(Co + C))*] + 1.3Re[C;C5] < 1. (30)

The branching fraction B(D® — utu~) < 6.2 x 107 at
CL = 90% [31] provides complementary constraints as

|Cs—C5|*+|Cp—Cp40.1(C1p— C)|*> £0.007.  (31)

Thus, D — zup is sensitive to the complete set of oper-
ators; however, the purely leptonic decays put stronger
constraints on scalar and pseudoscalar operators.

Barring cancellations, we find, consistent with [36],
€l 5
at high ¢*. Assuming no further flavor suppression for the
BSM contribution ¢>/A? (weakly induced tree level) or
g*/(16z2>A?) (weak loop), the limits on Cg,)m imply quite
mild constraints for the scale of new physics: A2 O(5) TeV
or A around the electroweak scale, respectively. With
SU(2), relations Co = —Cy, the bounds on new physics
ease by a factor of 1/4/2. Analogous constraints on the

other coefficients read |Crrs| <1 and |C(S/’)P| <0.1. In
Fig. 3 we illustrate BSM effects in the DT — ztputu~
differential branching fraction at high ¢ with two viable
choices for BSM-induced Wilson coefficients. As antici-
pated, the BSM distributions can exceed the SM one.
Constraints on ¢ — uee modes are weaker than the

1, which can exceed the resonance contribution

¢ — uuy ones, B(DT = rxtete ) <1.1x10° and
B(D’—ete™)<7.9x107% at CL = 90% [31], and imply
C5p = Ci31 503,

C5lo — C5 ol < 4,
IC sl < Ic5(cY) —cy" <2, (32)

To discuss LFV we introduce the following effective
Lagrangian:

I
4Gr a,
weak F (e) Hle) (1) A1)
Lo (u~m,) = \/—4”2(1(1' 0" +K;70;),
(¢ = uerp®), (33)

where the K l(l) denote Wilson coefficients and the operators
051) read

o) = (ay,PLo)@r'n).  OF = (y,Pc)(ar'e).
(34)
107
I?.) 1079
S
)
L 107
)
K
1
o 10-BE
%’
1079
1.6 18 2.0 22 24 26 2.8 3.0
q [GeV?]
FIG. 3. The differential branching fraction dB(D* —

atutp~)/dg? athigh g2. The solid blue curve is the nonresonant
SM prediction at u. = m, and the lighter blue band its g,
uncertainty; the dashed black line denotes the 90% C.L. exper-
imental upper limit [27], and the orange band shows the resonant
contributions. The additional curves illustrate two viable, sample
BSM scenarios, |Cy| = |Cjg| = 0.6 (dot-dashed cyan curve) and

|C§')| = 0.04 (dotted purple curve). In the latter case all BSM
coefficients have been set simultaneously to this value.
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with all others in analogous notation to Eq. (28). The LFV
Wilson coefficients are constrained by B(D° — etu—+
e ut) <2.6x1077 lS’(D*—»;rJreJr ~) <29 x10"°and
B(DT - zte ut) <3.6 x 107 at CL = 90% [31] as

K5y = K5l 504,

i i

K310 — Ky'Jo| < 6.

!

|KT‘T5| <17, [=e,p. (35)

The observables in the D — PI™[~ angular distribution,
Apg and Fp, Egs. (D2) and (D3), can be sizable while

TABLE III.

PHYSICAL REVIEW D 93, 074001 (2016)

respecting the model-independent bounds. We find
that, upon ¢ integration, |Agg(Dt — ztutu™)| <0.6,
|Apg(D" —» ntete™)| <08, Fy(D" - atutu) <15
and Fy(DT - ntete™) < 1.6, where FSM is below the
permille level, allowing us to signal BSM physics. Here,
the resonance contributions have been taken into account in
the normalization to the decay rate, and both the numerator
and denominator (the decay rate) have been integrated from
g2 = 1.252 GeV? to g2, = (mp+ —m,+)?. As the LFV
bounds (35) are even weaker than the ones on the dielectron
modes, sizable contributions to LFV angular observables
are allowed as well. Knowing the size of LFV in more than

Leptoquark-fermion interactions, quantum numbers, with hypercharge ¥ = Q, — T, and effective

¢ — u(I')**1~ vertices via Fierz identities. Here, 7,, a = 1, 2, 3 denote the Pauli matrices, and 7- X = 3,7, X,, for

X =83, V3. SM SU(2), doublets are Q(3,2,1/6) and L(1,2,

—1/2), ¢, ¢ =u, c,and I, I' = e, p.

CLro (SU(3), SU(2),,7Y) Effective vertices
251 QFiz, L, + 2 Ig)St (3,1,—1/3) A B
(45,0QL it Ly, + Ag,rqrlR)S) _%%SIR(‘IRV/A‘I;?)([R}MZ;Q)
91
ek ARTA
"
(i(f’ﬂ)) /l(f’ 1) B _
— B (G,47) (o)
1
(j'(lﬂ)) ﬂ.(‘”) ~
_M(CIRQL)(IRIL)
(lq//) A’I[)
T (qa;wq )(ZLG,“/I;{)
B o) (o)
As,1Gr Ly + 25,2 QLitalg)S) (3,2,-7/6) A Gy _
(SzLCIR L SZRQL 2 R) 2 %(quﬂqlL)(lRyﬂl;()
S
/1(‘]1 J(A(q Z)>
M(qlei/,;qle)(ld’ lL)
/1(111’ (/I(q 1))
— 5@ 19%) (1Ll
Auday :
T( ®4L)(Irl})
zé“,’k(ézb( N, o
Sm 409 LO R)
(ql") (ql
M (qa;wq )(lRU”Dl,L)
(45,QF ity 7L;) - S5 (3,3,—1/3) —M(m )
"
A, arulr (V1) (3.1,-5/3) 290 0
. o @) (et
V1
v, Qrylg(V5)T (3,2,-5/6) (/1(471’))*/1(4'1) . ~
Vo L/ utRAY 2 u(qu,ﬂqi)uﬁﬂlk)
Ap,qry Ly (V5)T (3,2.1/6) W?,,) e
. ’ : (QRVﬂ‘ZR)(lLV”l )
Vz
Ay, Quy, L, - (V5" (3,3,-2/3) A

— (@rruqr) (Ly*y)
3
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one observable would allow us to pin down the operator
structure and provide clues about the underlying model.

B. ¢ — ull generating models

Several models generating ¢ — ull transitions were
studied: for instance, little Higgs models [19,30], minimal
supersymmetric standard models [18,20,37,38], two Higgs
doublet models [37], an up vectorlike quark singlet [38], and
models with warped extra dimensions [39,40]. In all models
except for the supersymmetric ones, the D — zl" [~ branch-
ing fraction is found to be less than the resonance contribu-
tions. In the supersymmetric models the branching ratio can
be close to the experimental limits. Nonvanishing asymme-
tries that could be Arg, Ap and the CP asymmetry of Agg are
generically induced in BSM models [18-20,30,39,40].

Here we study effects of leptoquarks generating ¢ — ull
transitions in a bottom-up approach. We note that in grand
unified theories further model building for some represen-
tations is required [41]. For renormalizable up-type scalar
and vector SU(2), 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 IIl. Baryon number and lepton number are
conserved in the interactions. Note that models S; and
S, contain two couplings each. Leptoquark effects in S;
have been discussed in [43].

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

Var o A
Co10 = Gra, k9. 10 1(‘/[2) ,
1(yJ\*
C. . = \/iﬂ K AJ'(/IJ')
9,10_GFae 9,10 M2 ’
V2r M)
=Cp = kop—-2L
CS CP GFae S.P M2 s
o o VEr, BG
S__P_GFae S.P M2 ’
o Vin (M) B
T Gra, "\ M? M)
R N 0 G y
T5 _GF% T5 M2 - M2 ’ ( )

where i, j = L, R; such indices are nontrivial for scenarios
S; and S, only, which have two different couplings 4; p
each. The correct values of i, j can also be read off from
Table III. The coefficients k, are given in Table IV.
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TABLE IV. Coefficient matrix for the leptoquark Wilson
coefficients (36) inducing ¢ — ull.

I J i j ke koo ky kig ksp Ksp kr kps
S @) LR —p &4 -4 -} <k <}
S (@) R L —h o)} -] -} —f |
S () )L 1 L 0 0 0 0 0 0
J,o ) () R 0 0 L L 0 0 0 0
V, (cl) (ul) R 11 0 0 0 0 0 0
P, () w) L 0 0 L1 0 0 0 0
Vy (ul) (cl) L I =1 0 0 0 0 0 0

C. Leptoquark phenomenology

Experimental constraints on leptoquark couplings are
worked out in Appendix F. While generically |1(?)| <
0(0.1) [M/TeV] for any coupling to the first two gen-
erations and for any scenario of Table III, 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 XV). Corresponding limits on the
Wilson coefficients for ¢ — ull) are given in Table V.
Only the scenarios V, and V,, as well as the S| and S, |,
couplings, do not receive such constraints. Hence, allow, in
general, for larger effects for ¢ — ull; however, decouple
without further input from the K and B sectors.

Products of two Wilson coefficients are constrained by
the strong limits on p — e conversion and p — ey (see
Table VI). Future experiments on y — ey [46] and y — e
conversion [47,48] can improve the limits by at least 2
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 [50,51], results in textures

TABLE V. Upper limits on the ¢ — ull") Wilson coefficients

|Cé'_)10| abbreviated as (1/")) in leptoquark scenarios from kaon
decays. For S, the limits apply to the indicated handedness of
couplings only.

(ee) (en), (ue) (up)
Sily <4x1073 <4 x 1073 <4x1073
Solgs Va <3 x 1072 <2x10~* <4 x 1073
S3, V3 <4 %1073 <2x 1074 <4 %1073
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TABLE VI. Upper limits on the products of two ¢ — ull()
Wilson coefficients |\ )| “(ee) (up)”, and |K'V kW),
“(ep)(pe),” from yu — e conversion and y — ey. The LR-mixing
constraints in scenarios S , are stronger than the unmixed ones
and are given in the last row.

(ee)(up), (ep)(ue)

S <2 x 1077
S5 <8 x 1078
Sy, Vi, Vo, Va, V5 <6x 1078
Silirs Salrr <2 x 10710

with “ones” and ‘“zeros,” very different from the hierar-
chical ones in Froggatt-Nielsen U(1) models [52]. In this
work we are mainly concerned with the first two gener-
ations, so our terminology reflects features of the upper-left
two-by-two submatrix of 1. With the exception of D° — ze
and ¢ — wuwp, the third (z, 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 the following:
(i) a hierarchical flavor pattern with suppression factors
for electrons, k, and first and second generation
quarks, p,; and p, respectively,

PiK  Pa  Pa
i~ o pop | (37)
K 1 1

(ii) a single lepton pattern with negligible electron
couplings,

0 % 0
0 « 0], (38)
0 « 0

(iii) a (first two) generation-diagonal “skewed” pattern;
that is, ) and A(¢®) are negligible,

* 0 0
/Iiii ~ 0 x 0]. (39)
0 = 0

Patterns (i) and (ii) have been explicitly obtained in
models where quarks are A, singlets and hence
apply to all ug, dp 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

*We thank Ivo de Medeiros Varzielas for confirmation.
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defined in Eq. (41), is not as straightforward and
requires further model building, which is beyond the
scope of this work. (Note that skewed patterns have
been obtained by assigning different quark gener-
ations to different A, singlet representations [49].)

Upper limits on rare charm branching fractions for
different flavor patterns are given in Table VII. Here, for
patterns (ii) and (iii) we distinguish between leptoquark
scenarios which can escape kaon bounds, S ,, ‘71,2, (ii.1)
and (iii.1), and those subject to kaon bounds, S3, V; 3, (ii.2)
and (iii.2). If x is small the hierarchical flavor pattern
(i) effectively reduces to pattern (ii).

The ¢ — ue*e™ Wilson coefficients vanish in patterns
(i) and (iii). In pattern (i) they are driven by p pk* and
correlated with LFV; hence, they are subject to the bounds
in Table VI. We find that no BSM signal can be seen in
¢ — uete” branching ratios.

In pattern (ii.1) the muon Wilson coefficients are con-
strained by DT — 7t up~ and D° — ptu~ as discussed in
Sec. IIT A. For (ii.2) the constraints on the muon Wilson
coefficients are given in Table V. In the case of (iii) the
¢ = upu~ Wilson coefficients vanish.

The dineutrino mode is induced in S, 5, \72 and V3 models
because those contain the requisite electromagnetic charge
+2/3e leptoquark. The decay D — zvv has backgrounds
from D — 7(— zv)p, which can be controlled by kinematic
cuts g* > (mZ—m?.)(m3,. —m?)/m?=0.34GeV? [18,53].

The LFV transition ¢ — upy~et (¢ —» uute™) is medi-
ated by a generation-diagonally coupling leptoquark with
electric charge 5/3e (—1/3e). Therefore, for case (iii), for
charge —1/3e, B(D° — y~e™) and B(D® — ute™) vanish,
or for charge 5/3e, B(D° — ute™) and B(D? — u~e™)
vanish. Analogous statements hold for Dt — zte*u™
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
(i1) the LFV Wilson coefficients vanish.

Complex couplings are additionally constrained by

electron and neutron electric dipole moments as Im[C ,(»e)] <

4 x 107 and Im[Cg”)] <4x107%i=S8, P, T,T5,respec-
tively. The DT - ztutpu~ CP asymmetry in the rate,
Eq. (23), is shown for the muons-only pattern (ii) in
Fig. 4. Around the ¢ resonance (left-handed plots), Acp
scales with the BSM coefficient Ay, as the normalization is
driven by the resonances, CE, 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 normali-
zation is set by Ag; hence, A-p becomes inversely propor-
tional 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 ¢? region, in which |Ap| drops
towards the endpoint. If measured around the ¢, a sizable CP

074001-9



STEFAN DE BOER and GUDRUN HILLER
TABLE VIIL
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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].

BD* = w'uty)  B(D® - utu)  B(D* - xtetuT)  B(D® - yte?)  B(DY - xub)

@) SM-like SM-like <2x 10718 <7 x 1079 <3x 1071

(.1) <7x1078 2x107%) <3x107° 0 0 <8x 1078

(i1.2) SM-like <4 x 1071 0 0 <4 x 10712

(iii.1) SM-like SM-like <2 x 1076 <4 x 1078 <2 x 107

(iii.2) SM-like SM-like <8 x 10715 <2x 10716 <9x 10713
asymmetry, while assuming different values, can arise ~ B(D° — 7Fe¥)
ipdependgnt of the strong phases. For the hierarchical patterzn 5% 1051, 3( gl /)q:(K(e’T) 3 K(e’7>') P
(i) |Acp| is <0.003 on the ¢ resonance and <0.03 at high ¢-. s 9 9

Interestingly, there exists an opportunity to also study
z-lepton couplings in charm, with D° — 7%eT decays.
The corresponding branching fractions can be inferred
from Eq. (D6); the phase-space suppression relative to
D" — y*teT is about 8 x 1073, We find, approximately,

1.5

1.0

0.5

0.0

Acp(D*>rtptp™) [GeV~?)

1.00 1.02 1.04 1.06 1.08
q? [GeV?]

0.010

0.005

0.000

-0.005

Acp(D*> ) [GeV=2]

-0.010

1.00 1.02 1.04 1.06 1.08
q [GeV?]

FIG. 4. The direct CP asymmetry Acp(Dt — 7t p~) normalized to [¢2;, = (my — 5T)%,

(42, = 1.25% GeV?, Gl = (mp+ —my+)?]

LKL — K7+ (K57 = KG)P). (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

Acp(D¥* ot utu=) [GeV-2)

16 18 20 22 24 26 2.8 3.0
q? [GeV?]
0.10
¥
Z 005
c
n
<000
+l . -
K
1
a -
< -005}
O
<
-0.10
1.6 18 20 22 24 26 28 30
q? [GeV?]

GRax = (my + 5T,)?] (left plots) and

(right plots) in case (ii.1) (upper plots) and (ii.2) (lower plots) for independent relative

strong phases 6, , € {0,7/2,7,37/2}. From yellow (upper curves above ¢) to red (lower curves above ¢) each bunch represents

6, =1m/2, m, 0, 3/2x.
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couplings they read |Ké%)(/>| <0.2 (B(r — eK)), signifi-
cantly weaker than |Ké%)| <4x1073 [B(KT — ntw)],

and for (pseudo)scalar Wilson coefficients |K§f’;)<')| <
7x 107 [B(K* — év)] [54]. The hierarchical flavor
pattern yields B(D® - t%eT) <7 x 10715, 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 D° — t*e¥ decays is another
skewed one, inspired by [49],

0 =
A~ 0 0]. (41)
0 0

This pattern results in SM-like lepton-diagonal ¢ — ul*/™,
[ =e, u and vanishing flavor off-diagonal ¢ — ue*u¥
modes, while B(D — zvp) can exceed the upper limits
given in Table VII. Other flavor patterns result in a different
phenomenology; hence, if measured, this allows us 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 — zlt[~ can
signal BSM physics above the ¢ resonance right around
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. IIT A.

We work out correlations in several flavor benchmarks
for scalar and vector leptoquark scenarios that induce ¢ —
ull") modes. The main results on the leptoquark phenom-
enology are given in Sec. III C. We find that hierarchical
flavor patterns such as (37) 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 VII). The CP asymmetry in the D™ — ztu"pu~ rate
provides an opportunity to probe new physics even for
rather suppressed couplings in the case of leptoquarks
coupling to SU(2)-doublet quarks (see the lower two plots
in Fig. 4). 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 — KIT[~ decays [7,8].

The benchmark patterns studied in this work do not
exhaust the flavor model space. We emphasize the impor-
tance of searches for FCNCs into dineutrinos and LFV,

PHYSICAL REVIEW D 93, 074001 (2016)

including D° — 7te¥ decays. Further experimental and
theoretical study is needed to progress with the quest for
BSM and flavor physics.
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Note added.—Recently, a related analysis [55] appeared.
Note also that the recent LHCb bound B(D° — e*u¥) <
1.3 x 107® at 90% C.L. [56] that appeared recently starts
to constrain certain leptoquark flavor scenarios (see
Table VII). Furthermore, the measurement of B(Dt —
wn") reported in a recent preprint by BES III [57] yields
a, = 0.032f8:88? GeV2, somewhat lower than the isospin
prediction reported around Eq. (22).

APPENDIX A: PARAMETERS

MS masses are taken from [31],

m,(m,) = 1607 GeV,

my(my,) = 4.18 £ 0.03 GeV, (A1)
m.(m,) = 1.275 + 0.025 GeV,
my(2 GeV) = 0.095 + 0.005 GeV. (A2)

The NNLO running, decoupling at flavor thresholds and
quark pole mass are taken from [58]. The CKM matrix is
given by the UTfit Collaboration [59]. The inclusive
semileptonic branching fractions are given by the PDG
[31], where we use B(D — XI"v;) = B(D — XI"), con-
sistent with [60], and employ B(D — Xu*y,)=
B(Df - Xe'v,). The particle masses, widths and
branching fractions are given by the PDG [31]. The
decay constants are given by the FLAG [61] fp =
0.2092 + 0.0033 GeV, fp+=0.2486+0.0027GeV. 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 4 0.44, where AQ,, = Q% — OSM.

The leptonic pion decay ratio Ry, =I'(7"— (e*v,+
etwy))/T(x" = (v, +utv,y))=(1.230£0.004) x 10~
[31], RE% = (1.2352 4 0.0001) x 10~ [65] and, thus
we find AR,;, = (—5.0+4.0) x 1077. The anomalous
magnetic moment of the electron is [66] Aa(e) =
(—0.91 4 0.82) x 1072, Moreover [31]
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Aa(p) = (288 £ 63 £49) x 1011, (A3)
[mpo — mpp| = (0.95554) x 100 57, (A4)
B(D* > uty,) = (382+£033) x 104, (AS)
B(Df > uty,) = (5.56 £025) x 10 (A6)

and at CL = 90% [31],

d(n) < 0.29 x 107%¢ cm (A7)
d(e) < 10.5x 107%¢ cm (A8)
Bzt - uty,) < 8.0 x 1073, (A9)
By~ — e—y) < 5.7 x 1071, (A10)

PHYSICAL REVIEW D 93, 074001 (2016)

B(u= = e"ete”) < 1.0 x 10712, (A11)
C(u~Ti » e Ti) /T eprure (0~ Ti) <43 x 10712, (A12)
C(u~Au = e Au)/Teppure (0 Au) < 7x 1075, (A13)

where Tapure (4~ Ti) =2.59x 107" and Tgypre (1~ Au) =
13.07 x 10° s [67].

APPENDIX B: EFFECTIVE
WILSON COEFFICIENTS

In this appendix we give auxiliary functions and coef-
ficients of the effective Wilson coefficients defined in
Sec. ITA. We find

_ (2m)?
5 2 1 e T x=55-< 1
L @?) =2+ tx——2+x)1—x2{ V! I (B1)
3 2 (@m)?
2tan”' ] x= > 1
and in the limit m? = 0
5 2
L(0,g%) =2+ 1n’§ +ir. (B2)
We take from [12]
1
flp) = ) 43((3672 28872 — 1296¢5 + (1944 — 3247%) In p + 108In2p + 36Inp)p + 5767292 + (324 — 57672
+ (1728 — 2167%) In p + 324In%p + 36In°p)p? + (1296 — 122% + 1776 In p — 2052Inp)p?)
4
8? (144 — 622 + 181Inp + 18In%p)p + (=54 — 62% + 1081np + 18In%p)p? + (116 — 961np)p*)
92 u2 983 52
—In—5+_—+_— 1 B3
~ 31 +243+81m+0((p np)*). (B3)
where we find the constant terms from [68]. From [16] we obtain
2 8 40 160 10
7 =40,0,% ® =1:0,0,1,—-.20,— B4
y { 3°9°3°9 } y { 6 3 (B4)
and [25]
™) 82> 2+p) 8(11—16p+8p%) 16,/pV4— . P
F 9—-5p+2 ~—
8 (p) 27( )4 9 (1 _p)2 9 (] _ ) ( ,0+ p )arCSln 2
32 2+p) VP 16 32 u2 16
T ——In— ——ui, BS5
0 =) arcsin > o= np— nm% 5 (B5)
2
(9) lox* (4—p) 16(5-2p) 32 4-— 2 i VP
F =— — — 443p— -
s (P) 27 U—p) "9 (I—pr o o= ) 5 (4 +3p —p?) arcsin 5
64 (4—p) VP 32 1
— —+— 1 B6
3 (l_p)4arcs1n 5 + o= )np (B6)

074001-12



FLAVOR AND NEW PHYSICS OPPORTUNITIES WITH ...
APPENDIX C: FORM FACTORS

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

(P(pp)lay*c|D(pp))

2 _ 2 b — mp
:f+(qz)<l’” ‘me’zmq”) +f0(q2)me2 s
(C1)
<P(pp)|ﬁ0””<l + 75)C|D(pD)>
2
=i % (P"q" = ¢"p* £ ie""p,q,), (C2)
D

where ¢ =(pp—pp)'=(pi+pi-)* and p*=(pp+pp)*.
For D° — 7° the form factors are scaled as 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
o _Mp (el ke > Agep
o) =22 (1- %5 m 2 ) 7. + O (22,2

(C3)

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

. 2 2E 2E 1. 42
fr(q®) = (1 +a—‘< 7111———111”—2))

7 _ng—ZE mp 3 mg

< filq). (C4)

where E = (m3, —m% — ¢*)/(2mp). In our analysis we
interpolate between (C4) and (C3) and take f, from a lattice
calculation [73]. For the residual form factor we use the z

expansion [26]

2\ 1 . a 2 i
f+(q ) - ¢(q2’t0)i2:(; ,(fo)(Z(q ,t0>) ’ <C5)

with

g 1g) = YT - Vi~
Vi@V

ty = (mp £ mp)?, to =1, (1 -
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00 0.5 1.0 1.5 20 25 3.0

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

m?
3 (\/t+—q2+\/t+—to>

% L—-¢ (Vi —¢+ i =)
(=) (o, =@+ i)’

¢(q2’ tO) =

(€7)

Assuming isospin symmetry, we employ the parameters to
second order as given by HFAG [26],

£(0)|V 4| = 0.1425 £ 0.0019,
ry = —0.62 % 1.19,

r=—19440.19,
(C8)

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

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
Appendix C. We neglect nonfactorizable terms. The
D — Pl distributions are in agreement with [34]. The
dilepton spectrum reads
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dr Gia: (2 m2 m 2
— = (2 (|Col? + |CrolP)fE + 4|C1 2 fE =5 + 4Re[C; C N a2, o) (14 2
dg*>  10247°m3, (3 <(| o] [Ciol*)f% |C11*f7 m, e[C;Cslfrf+ mp (m3,, mp, %) 7

4m?
+ [Crol* (=3 A(mp, mp, ¢*) + f§(mp — mp)?) ql

m2 — ml)2
FCSP(q — md) +Cap?) 13 T2 T1EY

c

) T:|f Mmp, mp. ¢*)

mp

g A(m ,mz,q2 4m?
(\GIHI%I%P%O q’ +8Re| | Cof, +2C1fr
D

A(m? ,m2,612 4m?
m1+16|CT2f%%ml2) /I(m%),m%,,qz)( —q—;), (D1)

o = i’
+ 4Re[Cy(Cpl 32

c D

where A(a, b, ¢) = a®> + b* + ¢* — 2ab — 2ac — 2bc. 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

Ga? . ; m2 — m> me\ ., ma — m3
AFB(QZ) = N51271:'—5m30 <Re[(C5CT + CPCTS)]fTWqZ + Re{<C9f+ + 2C7fT m—D> CS:| %ml
m2 — m> 4m?
+ 2R6[C10C?5]frD’71D1!)m1>f0/1(m%)’m%’612)< _q21> (D2)
For vanishing lepton masses the flat term [34] reads
G2 , (m3) — m3)?
F 2 e N# 2 + C 7P
) = N et (e + P13 2
2 2\ 2 Amip, mp, ¢°) 2 2
H|Crl* +[Crs )7 == 57— | a*yJAlmp. mp. ¢) + O(my), (D3)
D

where N~! f % dq2dT/dg?. For the LFV D — Pey decay distributions we obtain, for m, = 0,

Din

dI'(DT —» PTe*uT)

dg?
Ga? 2 m2 —m%)?
ol ) (3 P 1K P )2 ) + (K K3 0
c

qﬂm’mz’qz . . m2 — m2)2
(|KT|2 + |Krs|?) f% % + 2Re[+Ko K% + KlOKP]fg(DmiP)m
D c

Am2, m3, g2
+ 4R3{K9K*T + KIOK*TS]foJr % my) + (’)(m;f) (D4)
D

where K; = KE”) and the plus signs for DT — PTep~, and K; = Kl@ and the minus signs for D™ — P*e*pu~. Compared
to Eq. (D1), additional vector-scalar and axial-vector—axial-tensor terms are present in Eq. (D4).

All Wilson coefficients except for those of the tensors in Egs. (D1)—~(D4) are tacitly understood as C; — C; + C! and
K; — K; + K; that is, primed Wilson coefficients are added.

The D° — It~ branching fraction can be inferred from [34]

Grazm), 4m? 4m?\ | Cs— CG|*  |Cp—C) 2 2
B(D° — I*7) = % 1= (1 2 [ ES sy | 2 T —Col ). (D)
647°T o Mo mi, m, m, mDO

The LFV ones read, for m, = 0,
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2 K(e)—K(g)/ m . .
)(‘ S s M(Ké>_Kg)/)

(e) (e
KP _KP mﬁ (e) (e)r
_ 4 K,y — K
m, %)o ( 10 10 )

G2a2m5 2 2N\2 /| gW _ g
B(D° — p=et) = e DV DY (1 — m”) (‘ S S 4 ny, (Ké”) —Ké”)/)

647°T o my,
2
) . (D6)

G2’ 2
B(D° — e~ut) = Q (1 _

64”3FD0 meO

_|_

(K - K

(1) (u)!
K K m
4 ‘ L 7P . ()

m, mi,
|

Electroweak corrections, which are subleading relative

to QCD ones, are neglected. For the D — PIll modes we

APPENDIX E: NONRESONANT SM ¢ — ull integrate the branching fractions over different dilepton

BRANCHING FRACTIONS masses, \/q? > 2m; (Table VIII), 0.250 GeV < \/¢* <

In this appendix we provide our predictions for the  0.525 GeV (Table IX) and vV q*> > 1.25 GeV (Table X).
nonresonant SM branching fractions of the inclusive ¢ — Next, we obtain inclusive ¢ — ull branching fractions.

ull decays and exclusive D — PIl modes. In our analysis  To leading order in the heavy quark expansion and
uncertainties due to power corrections are not included. neglecting lepton masses, the ¢* distribution reads [74]
|

dl'(c = ull)  GraZm? q*\? m? .
dqz = 7687[ 1 _W 1 + 2 L (|C'9|2 + |C]0| ) + 4 2F+ 1 |(j7|2 + IZRC[C7C9] , (El)

c

where ¢* = (p. — p,)* = (pr + p-)* and (2m;)* < ¢* < mg.
The matrix elements at NLO QCD are obtained as C; — C;(1 + a,/nc;(q*/m?)) [75] (and references therein),

4. 2 2 2 1 4 42
01(p) = =3 Lialp] = SInpnfl = pl = S 2> —Infl = p] = 5 (1 = p) Inf1 = p] + c = ZIn’. (E2)
4 2 2 2 3
09(p) = —3Lislp] =3Inpn[l —p] = a* —In[l —p] = 5(1 = p)In[l = p] + 3. (E3)

where ¢y = 69 and via Re[C;C}] — Re[C;C;](1 + as/m ( 2/m?)),

TABLE VIII. Nonresonant SM branching fractions for v/g> > 2m; of D — PII decays normalized to the width.
Non-negligible uncertainties are labeled by (normalization, m., mg, pw, Hp, 1o, f1) given in percentage, where

My.p/2 < pwp < 2myy, and m./V2 < p. <V2m,.

Mode Branching fraction 90% C.L. [31]
Dt — ztete” 4.6 x 10712(£1,72 H13 41,77 7210 +13) 1.1x 1070
D =zt 3.7 x 10712 (1, +3, 118 1,13 +1s8 16 73 x 1078
DO = zl¢te 9.1 x 10783 (1, +1 ,+}§,il,+f RELLNETS| 45x%107°
DO = 2%ty 7.3 x 10783(£1,£3,518, £1,77 7152 F19) 1.8x 1074
D} — K*ete™ 1.7 x 10712(£2,55 113 1] H5 1228 0 3.7x107°
Df - K'p'u~ 1.2 x 10712(£2,72 #1040+ 167 +13) 2.1 %1075
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TABLE IX. As in Table VIII but for the low ¢ region, 0.250 GeV < /¢*> < 0.525 GeV.

Mode Branching fraction 90% C.L. [27]
Dt = ztete 8.1 x 10713 (41,15 75 #11 +10 4247 15

Dt =zt 74 x 1078 (£1,£4.75 1) 10 1550 19 20107
D° > nlete 1.6 x 1073(£1,13 12 +11 +10 4247 45

D — Oty 1.5 x 107153 (£1, 44,75 119 10 758 72)

D} - Ktete™ 3.6 x 10*13(12, 45,523 H12 L e 15)

Df — K*utu 33 x 10713(42, 45,723 #12 +11 429 +6)

TABLE X. As in Table VIII but for the high ¢* region, \/¢*> > 1.25 GeV, and [ = e, p.

Mode Branching fraction 90% C.L. [27]
Dt > nt It 74x 1073(£1, 46,713 46,10 +136 +27) 2.6% 1078 (1 = p)
D’ — 2011~ 1.4 x 10783(£1, £6,1]7, £6,79 1136 27
Dy — K'ITI” 7.9 x 10714 (42, £6,713 46,70 +133 26
1) 2 6p(2 —2p —p?) 11 —7p—10p?
= 20 =pPI[l —p| 4o P gy =P 7 ) E4
o) = =55 (20 = o2l g+ PESE D IZ (B4
1) - > 3p(1+p)(1—-2p) 3(1-3p7
= (2(1—p)®I[1 — 1 , ES
00) = gy (20 Pl =gl + PO 2020 (E5)
(1) 4(1-p)? 4p(3 —2p) 2(5 —3p)
= P —p| - gy S E6
739 (p) 5 n[l —p o=, ™ T 90, (E6)
0 5 1 p(6=Tp)lnp (3—Tp+4p*)In[l —p]
10(P) = =5+ 77— —
2 3(1=3p)  3(1-p) 9%
1 . .
+24(1 = p)*InpIn[l — p] + 12(=13 + 16p — 3p?)(In[1 — \/p] — In[1 — p])
+39 — 277 +252p — 267°p + 21p% + 87%p? — 180+/p — 132p+/p], (E7)
(1) 5 1 p(6—7p) Inp 2(3—5p+2p%)In[l —p]
To10(P) = =5+ 57— 3
2 3(1=p)  3(1-p) %
1 . 2 .
T8I =) [48p(—=5 + 2p)Liy[/p] 4 24(—1 + Tp — 3p*)Lis[p] + 6p(—6 + Tp) Inp
—24(1 = p)?Inpln[l — p] +24(5 — 7p + 2p?)(In[1 — \/p] — In[1 — p])
—21 —156p + 207°p + 9p* — 87%p? + 120+/p + 48p+/p], (ES8)

where 7019 = 7g9. We obtain the NNLO term 6 |Cy|* = |Co|*(a,/7)? 199( 2/m?) as [76]

074001-16



FLAVOR AND NEW PHYSICS OPPORTUNITIES WITH ...

@)\ _ 1
w0 = T 2)

PHYSICAL REVIEW D 93, 074001 (2016)

[2(2.854 — 0.665p — 0.109p2 — 8.572p° + 5.561p* + 0.931p°)

2
+3 (-0.063615 + 0.098146p +0.144642p” — 0.307331p° +0.107417p* +0.020707p°)

16

+ 5 (3.575 —2.867p + 2.241p% — 12.027p" + 11.564p* — 2.489°)

+4(—8.151 + 2.990p — 3.537p% + 36.561p3 — 42.275p* + 23.899p — 9.494,5)|. (E9)

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

dBp_x,i _ B(D = X(glv)dl

c—ull

dq2

with [77]

19273

Grm} a a\2
Fc—»(d.s)lu =—f Z |ch|2 <X0(mq/mc) + ;Xl (mq/mc) + <;> Xz(’":;/”h-)) s

qe{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 g*> when the inclusive decay ceases to be
inclusive but rather degenerates into a few exclusive modes.
Yet, the power corrections in the region where the OPE
works have a small effect on the uncertainty budget at low
g*. A comprehensive treatment of the full ¢> region is
beyond the scope of this work. Our resulting inclusive
¢ — ull branching fractions are compiled in Table XI.

APPENDIX F: LEPTOQUARK CONSTRAINTS

In this appendix we provide constraints on the couplings
of the scalar and vector leptoquarks of Table III. Collider
experiments find M = 1 TeV [80,81]; thus, we use
M =1 TeV as a reference. We neglect RGE effects from

TABLE XI. Nonresonant SM branching fractions for \/q_2 >
2m; of D — X, Il decays normalized to D — X, lv and vanish-
ing lepton masses except for the lower cut. Non-negligible
uncertainties are labeled by (normalization, m., mg, pw, Hp,
U.) given in percentage, where my /2 <y, < 2my, and

me/V2 < pe <V2m,.
Mode

Dt - Xtete™

Branching fraction
9.4 x 10710(£2,1] H10 £7, £1.5}9)
2.0 x 10710(£19,73 +15 +8 4 +120)
3.8 x 10710(£2,77 16 47, 4£1,7199)
7.7 x 1071 (£9,73 113 H8 £1,1120)
3.8 x 10710(£7,5] S £7, £1.5,%)

7.5 x 10711 (£7,73 13 8 41,1120

DY — Xyptp
DY — X0ete~
DY — Xoutpu~
D - Xjete

Df — Xyp

Iﬁc—>(d,s)llz dq2

(E10)

(E11)

M to uw, and further to p,., noting that Q¢ and Q;y do
not scale and Cgp(u~1TeV)=0.5Csp(u~p.) and
Crrs(p~1TeV)=13Crrs(u~p.) 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 XII and XIII) and vector (Table XIV) leptoquarks.
Our constraints are consistent with, and 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 XV. Next, we calculate the
constraints of Tables XII-XIV, where the experimental
limits are given in Appendix A. We note that fermion
doublets coupling to leptoquarks are implicitly added. We
obtain constraints using D — PIll [Eq. (D1)], D — Peu
[Eq. (D4)], D — [l [Eq. (D5)] and D — ue [Eq. (D6)].

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

cl ul)\*\2
(ai)")

6472 M?> (F1)

ASmpo = ngf%BD
(times 2 for S,|; and times 5 for S3). While constraints from
|AC| =1 transitions scale as A1*/M?, the ones from
mixing behave differently, as (11*)?/M?. In our analysis
we neglect the SM contribution [83,84].
Matching onto the nuclear weak charge [85]

QW(Z? N) = _2((22 + N)Clu + (2N + Z)Cld)ﬂ (Fz)

where Z is the proton number and N is the neutron number,
we find
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TABLE XII. Scalar SU(2)-singlet and doublet leptoquark constraints for real couplings scaling as TeV/M and

/TeV /M for Am . Additionally, [Im[4}"" (1%
neutron and electron electric dipole moments.

)] < 3 % 1077 and Im[A” (44°))*] < 3 x 10710 from bounds on

Couplings/Mass Constraint Observable
A <9 x 1072 Vud
Afe) plue) ~[—0.08,0.8] Nuclear beta decay
14 2{)| <9 x 1072 Sty
‘,1 ue) ,(ce) | <1 x 107! Dt > gtete”

{L.R}M{L.R}
| s2107 Df oty
‘g({‘Z‘R};L({LLe%ﬂ <2x 107! DY = gteut
L] 21072 Dl =t
A(L“ AR“ ~[—0.005, 0.05] Df = uty,
igceL) /1(30;) ~[—0.01, 0.00]

v Aa,
}”(SL?)‘.(SLZ;) ~[0.00,0.01]
/1(5‘1142221/;?) ~[0.1,0.2] Ay
A(;'IIL)A(SL'/;Q) ~[—=0.2,—0.1] K
(= MSM?SZLP + 4§ RSZR‘Z + M(ue %72 ~[0.2,0.4] 0,,(Cs)
(40 2{) — 0.0241 14 ARy

—0.0002(12'5' 1 = 1A5%'17)) ~[~0.00001, —0.000003]

ue ce ue) 4(ce ~f— + +
(}”<SIL>S2 ’1<s R)S L O-OM;L)‘SIL)) [-0.009,0.01] br = wv,
‘/1(“)/1(68) :|:/1 ue A(C6)| <1l x 1072 D0 = ete
i(“")/{(ff’) + /'L(“IO/I(C/‘) N[O, 00]] AmDo
M(Sqis rA qulz)s R <1x107° U — ey

1

124 <l <5x 107

SzL SHR SaL SR
M<“ L/l>| <3 x 10~
M(Lu;)ﬂ(Lw;e) <9 %1077 u—e(Au)
M(m "ﬂ)| <7x 1077
M(M uﬂ)| <4 x 1077
s sox 107
25, 5,51 s $3x 107

2 2 2 2
A 25 S1x 107
LR AL <1x107 W eete
i s x10

2 2
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Couplings/Mass Constraint Observable
AL 1107
el <3x 1073
AR Ash] S6x 1077
ce c -5
M<s L>S Rﬁ(sll;e)s,ﬂ $6x10
ce cp -5
55| 5 %10
A 2 A A <8x 107! DO — pteT
Mue C>+ﬂ( )/1( )‘ SleO_z
L) lew) g gl plem) <6 x 1072 D =yt~
) gl 1 ) pen) <4x107°

ue),2 ue),2
V2 g - 12

5S1Clu = 552Clu = -

8Gr M? '
\[| s |
552C1d= 8GF ]‘241; )
1 \fl ik
05,Cru = 5 Cla = 8G, M2 )
) ?
55 Cy, =65 C _ V2, ,
vV, = lu V, = lu 4GF MZ
5 C V2 A ?
viEle T TG, M2 ’
NeRvinlk
5V3C1d 4G M2 . <F3)

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 ey 2 1y D
oy (P 4 )

no 1
x <—Q2”——Qe)

+mpRel2Y" 047

mzl i
x ((—3—21nﬁf2)Q£f)—Qg>>. (F4)

Here, Q, and ng ) denote the electric charges of
the leptoquark and the fermion f” in the loop, respectively.

S _
Aaf—

The contribution to the electric dipole moment of
f reads [86]

1 Y (F) ek
dp = 55 a2 ()]

m2, ,
x ((—3—2lnﬁf2> ) —Qe>, (F5)

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 2¢ interval.

Couplings/Mass Constraint Observable
|Awe)] <0.1 0,,(Cs)
|A(ue)| <9 x 1072 Via

Aue) (ce) ~[—0.6, 1] DY = uty,
|Ae) g(ce)| <1x 107! DY —rtete”
|A(we) plew)] <2x 107! D" > atetu
| () plee)] <3x 107! Dt - gte put
|A) g (en) | <1x 1072 DY - ztutus
|40 pew)| <6 x 1072 DY —
(—]Awe)|2 4 | plum)|2)1/2 ~[0.2,0.4] AR, ),
|/‘L(W)/‘L(”ﬂ) 4 ,1(ce),1(cﬂ)| <5x10~* U —ey
(Alwe) plee) 4 plum) (en)) ~[0,0.007] Ampyo
|A(we) plew) 4 plu) jlee) | <8 x 107! DO — uteT
|A(ue) lun)| <7x1077 u—e(Au)
|A(ce) plen)| <9x 1073

| A(ue) lun)| <1 x 1072 U~ —eete”
|Ace) plen)| <6 x 1073
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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 V5 all constraints have to be multiplied by a
factor of 1/2.

Couplings/Mass Constraint Observable
]2
M ue)| ~0.1
A1) <6x 1072 Vua
/1%)/1&/0:) ~[-0.3,0.5] DY = uty,
|/1(ue)l(ce)| 56 X 10_2 Dt — atete™
Awe) y(cn) <1 x 10! DY = atetyu”
| | S K
|aw) p(ee) | <1 x 107! DY - ztept
|Aww) en) | <1x 1072 D* — ztutu~
| () plem)| <3 x 1072 DO — ytu
(_ME/M:) ‘2 + M%‘)P)l/z ~[0.2,0.3] AR, ),
|Ame) plew) 4 A p(ce) | <4 x 107! D > p*eF
|Atae) l(qm\ <1x10™* Ho—ey
|/1 ‘ <6 x 1073
3 3
|/1(ue)/1(u/4)‘ <7 x 1077 H—= e(Au)
cp) <1x1072
MV, v, V, V2| ~
I/’« <cu | <6 x 1073
|/1 ce /1<C”)| <7 x 1073
|Ae) 4 (um)| <4 x 107 Ho—eeten
ue u —4
1A 20 <2x 10
cu) <8x 1074
MV, v, V, V2| ~ex
I/’« (cu | <6 x 10
|/1 (cu ) <3x107*

times 3 for color if f’ is a quark. For electrons |d5M| <
1073¢ cm [87]. The neutron electric dipole moment
receives contributions from quarks d, = 4/3d, —1/3d,,
with @M ~ O(10-*)e cm [88].

The lepton flavor-violating radiative muon decay in the
case of a scalar LQ is [89]

PHYSICAL REVIEW D 93, 074001 (2016)

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

Couplings/Mass Constraint Observable
DA 4x 107 (K* = ') /(K'Y — 2'ew,)
1 ueucq <2x 1073 K} — ee
R Stx107 Ki- o
| /wg /1<Sc2/;?>| <3x 107 K} — jiu
M ue)l ce) | <4 x 1074 (1{7L - ﬂ'+171/)/(1<7L - ﬂoé‘l/e)
ML¢¢)2L/4)| ‘/1"”)).“ ‘ <1X10_5 K(i—)éy
1404460 <3x 1074 K) —
M ue)j’ ce) | <1 x 1073 K(L) — ee
Al ueu w , w;mw:n <5%10° KY - eu
A 2460 <2x 107 K} — iy
120492(62)) <8x 107 (K™ - ztw)/(K+ - n'ev,)
3 3
M ue)l L;l)| M uu)ﬂ ce) ‘ <3 x 10~ Kg - eu
A 2460 <7x 107 K} — i
a,
6S8;¢—>e7 (|F LR|2 + |F£RL’2)’ (F6)

4F

where we note the typo F; < F, in [89],

4
FZLR,ZRL

3 1 (q) qe)*l @ 1

2
My (qu) (5 (ge)y* 3. mg\ g 1
— =) —2-m-—2)0--0,)).
m, R.L( LR) << 3 nM2> 2Q

(F7)
In the case of a vector LQ [45]
1 m,
5VB;4—>(3;/ = (|FV|2 + |FA| ) (Fg)
F 8
with
Aa€) | m 5
FY4| = Jadn. “240,2) (F9
= VL (g2 0.5) )

(times 2 for up-type quarks in scenario V3).
The lepton flavor-violating muon decay in the case of a
scalar LQ is [90]
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2,5

asm 2 m
—_— (|T1L|2+|T1R|2+§(|T2L|2+|T2R|2)<81nj_11> —4Re[T Tz + To . Tig]

6B, ..., =
STHzeee T 304, .

43 002000 +1Z0g0iP) + 2090 +128901) + 2 (1B1 P+ |Bigl?) + 3 (1B + |Bael?)

+ %Re[TlLBTL + T1.B3 + TgBig + TirBig| — %Re[TzRBTL + T Big + TorBog + TorBy ]

+ %Re[BlLZEQLz + BirZpgri + BarZ] gri + BarZpgril + %Re[z(Tlezgu + T\rZpgr1)

+ 11021 9ri + TirZR91) + %Re{_"'(TZRZszl + TorZrgri) — 2(Tor Zigrs + TZRZI*JQRZH>’ (F10)

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

301 o/ (4 1. m? -1
Tipir = —@WA(L%) (/I(Lq,R>) <<§ +§lnﬁz> 0\ + ﬁQe)v (F11)

3 1 ol m w3 m2
u

O 1oom oo 1
- (A A 5o, ). (F12)
3001 (qu),4(ge) 1 3 m?, 3

L = etk W) e Gmg oy, Mg 2tang = ma\ LI Jorgrg + mig2(=g) ). (F13)

3 (aw)qlae)yr(ae) 2 —1
BiLir :@im (Arr) 1ALk 7 (F14)

3 (aw)qlae)yryy(de)2 —1
BZLA,ZR = W)’L,R (ﬂL,R) MR,L W (F15)

and

grrry = TV — 0Vsin2,, g =Ty — Q,sin%, (F16)

(9. <> gg for S,). Here, T} is the third component of the weak isospin of the LQ and f » label chiral fermions; that is,
9rr.rr are SM couplings and g is the LQ coupling. In the case of a vector LQ [91]

3a2 )
5VB;4—>eee = 871’2 (ng)) In

5 m% M(W),{(‘IEHZ
m?* Gim*

(F17)

(times 4 for up-type quarks in scenario V3), where we neglect terms ~Q,, m% /M?*-suppressed box diagrams and m]% Jm>-
suppressed Z diagrams.
Matching onto the y — e conversion in nuclei rate [92]

2

1 u u,n
=~ CprD + C5, GYSP) 4 Cgp GUM SM) 4 2CypVIP) 4 Cy VM)

I, =4m; 1

p—e

2

1 u u,n
+4m| L CoLD + CsxGLP SP) 4 CgrGY™ S 4 2Cy, VD) €y V) (F18)

we find
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iy oy oy oy
05Cvr = a0 65Cyp, = T 65Csg = T ur 05Cs1. = T ur
. 24y A ey’ 2y
sConot = 3y Prmwauwe 07,Cv ==y 0O =" 0r.0n = —35—.
i
ayayy ! I
Sy Cyp =222 5, Cogpr = — FY|£|FY). 8y y Coror = — FV|F|FA),
viCvL 72 ,.v,CDR.DL 4mz\/m(| | £ [F4]) ,.v;CDR.DL 4 Jadn (IFY[FIF2)

(F19)

where F%, are given by Eq. (F7) and |F¥| are given by Eq. (F9) (times 2 for up-type quarks in scenario V3). We neglect

loop-suppressed gluonic interactions. The nucleon form factors are given as G(SM"’ ) =5.1and Ggu’") = 4.3[92], and we take
the overlap integrals of muons and electrons weighted by proton and neutron densities for titanium and gold,

Dy =00864,  S¥) =00368,  SW =00435, V¥ =00396 V) =00468,
Da =0.189,  S¥ =00614, SV =00918, V¥ =00974, V) =0.146. (F20)

Matching onto the leptonic pseuodoscalar decay rate [93]

G212 — m2)? NG ms 2 2
Tpoy =—L P;ﬂ;;} ) mV,y + ml@ (CyvrL — Cyip) + ququ’E (Csir — Csrr) (F21)
we find
1 1)\ * 1 ")\ * 'l 1)\ *
O VAL 0 MNP V: (110 NN P ¢ 11 4)
S1 - VLL ) M2 ’ S1 ~ SRR ) M2 s S, “ SRR ) M2 ’
1) 0 (q' D)y * 0 (gl
_ e _ )
05,CyLL = T p oy,CyLL = B Y- R (F22)

We do not match V, due to an additional d;-quark coupling [45].
We deduce the shift in R, ), =Tse), /Trop,s

e e a - 2 C(l=e> _ C(1=‘-’) C(l:#) _ C(l:”)
Re|(Chai’ — Cii) — (CUat! — Vi) +—= ( SR — SRR _ ZSLR — SRR )}

_ pSM
OLoRe/u = Re/um
u

m, +my m, my,
(F23)
and the shift in the CKM parameter
ALy 2 (ue
2 " Tud _ L £/Ll)‘ (F24)
Voud 4Gp
by means of quark beta decay normalized to muon decay.
We match onto nuclear beta decay parameters to constrain Wilson coefficients [94],
Gra,Cr+C
014 x 102 < ZE%ETTCTS 402 (90%CL), (F25)

V2 Cy

where CSM = —1.27GzV .

We obtain no constraints better than || < M/TeV from the decay 7° — ue, Amy, 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 [99-101] nor additional nuclear beta
decay parameters [102].
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