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Abstract

Light dark matter with flavor-violating couplings to fermions may be copiously produced in the
laboratory as missing energy from decays of SM particles. Here we study the effective Lagrangian
of a light dark vector with generic dipole or vector couplings. We calculate the resulting two-body
decay rates of mesons, baryons and leptons as a function of the dark vector mass and show that
existing experimental limits probe UV scales as large as 102 GeV. We also derive the general RGEs
in order to constrain the flavor-universal UV scenario, where all flavor violation arises radiatively
proportional to the CKM matrix.

1 Introduction

In recent years light new particles interacting very weakly with the Standard Model (SM) have gained
increased interest. The so far negative results on searches for heavy particles above the electroweak
scale at the LHC and high-intensity experiments have increased the interest in less explored scenarios,
with additional degrees of freedom beyond the SM with masses at sub-GeV scales. Such particles can
be motivated by dynamics addressing the Strong CP Problem (in case of the QCD axion) or the origin
of neutrino masses (in case of sterile neutrinos), but probably the main motivation is the possibility
that such light particles could be connected to the origin of particle dark matter (DM) [1].

In this context a popular scenario is the dark photon [2, 3], which is either itself DM or is the only
mediator (“Vector Portal”) between the SM and a hidden “dark sector”, which contains one or several
DM particles [4, 5], see Ref. [6] for a review. The term “dark photon” usually refers to a light vector
particle coupled to the SM only via kinetic mixing or dipole operators and that is often taken as the
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only new degree of freedom. Instead, the term Z’ is typically reserved for the vast model space of
theories of gauged U (1)’ extensions of the SM, where also a complete Higgs sector for U (1)’ breaking
is explicitly present, besides additional matter needed for anomaly cancellation, see, e.g., Ref. [7]
for a classification. While the Z’ vector boson is often taken to be heavy, with a mass much above
the electroweak (EW) scale, this particle can also be much lighter. The resulting coupling patterns
are often related to the underlying UV symmetries, see, e.g., Refs. [8—-11], and can leave imprints in
low-energy phenomenology/anomalies in current data, e.g., in (g —2),, [12] or in low-energy QCD [13].
Beyond perturbative models, light vector particles can also be in the spectrum of light resonances of
low-energy, dark strongly coupled sectors, see, e.g., Ref. [14]. To encompass all these cases, we employ
in the current work the term “light dark vector” (LDV), which is a massive vector boson with mass
much below the EW scale, and sufficiently suppressed couplings to SM particles such that it is stable
on collider scales. For the purpose of low-energy phenomenology we leave its UV origin unspecified.

While constraints on light particles have been extensively studied in the context of colliders, beam-
dump experiments, astrophysics, and cosmology, their phenomenology at precision flavor experiments
has so far received less attention (see Ref. [15, 16] for early studies). Even if flavor-violating couplings
may be considered more model-dependent than flavor-diagonal couplings, they can provide for
an efficient production of light invisible particles from decays of SM leptons, mesons or baryons.
Interestingly, direct searches at laboratory experiments for such two-body decays with missing energy
have the potential to probe enormously large scales, as the relevant Lagrangian interactions can be
dimension-five, instead of dimension-six as in the case of heavy New Physics. For example, in models
with sufficiently light invisible bosons like the QCD axion, precision flavor experiments are sensitive to
scales as large as 10'2 GeV from K — 7+ invis. searches at NA62 [17], 10! GeV from jt — e+ invis.
searches at MEG-II [18, 19], Mu3e [20], MuZe or COMET [21], and 10® GeV for b — d/s transitions at
Belle II [22].!

The aim of the current work is to systematically study the flavor phenomenology of light dark
vector particles (LDVs), both in the quark and the lepton sectors. We restrict the discussion to invisible
particles, since after all the main (only) motivation for these particles is the observed DM abundance,
and we have in mind scenarios where either the LDV is itself stable on cosmological scales or promptly
decays to stable DM particles. This analysis includes scenarios where the LDVs are just sufficiently
long-lived to appear as missing energy. This is particularly justified for vector particles lighter than
the electron, as their decay into two photons is forbidden by the Landau-Yang theorem [26, 27]. As
we shall discuss, the resulting limits on flavor-violating interactions can be as strong as in the axion
case, which is not unexpected due to the Goldstone-boson equivalence theorem. In light of past and
ongoing experimental searches, it is thus important to systematically study the phenomenological
differences between light dark scalars and vectors originating from their distinct helicity and coupling
structure.

Earlier works have focused on the case of flavor-violating dipole couplings of a massless dark
photon in ;4 — e and s — d transitions [6, 28—32], or considered general interactions and masses, but
using only the available experimental limits on three-body decays to neutrinos to study limits from
s — d and b — s transitions [16]. Here instead we consider the case of a light vector particle with
generic mass and either dipole or minimal couplings to SM fermions. We work within the framework
of a general effective-field-theory (EFT) approach and consider all possible quark flavor-violating
transitions except those involving the top quark (where constraints are very weak), and all possible
lepton flavor-violating (LFV) transitions. We also discuss the decays of polarized leptons, which play an
important role in separating signal from SM background. We derive bounds in the general parameter

'For the flavor phenomenology of the QCD axion and light invisible axion-like particles see Refs. [16, 18, 22-25].



plane of light-vector mass and the appropriate flavor-changing coupling by comparing theoretical
predictions for the decay rates to the experimental bounds from various flavor factories, such as
NA62 [33, 34], BaBar [35, 36], CLEO [37], Belle II [38, 39], BES III [40], and TWIST [41]. Whenever not
available (as in the case of, e.g., B — K/K* /7 + invis. or D — 7 + invis. decays), we derive model-
independent limits on the two-body decay rate as a function of the invisible particle mass by recasting
experimental data on the three-body decay with two invisible neutrinos. Finally, we also discuss the
scenario where the light vector has only flavor-universal couplings to SM fermions in the UV, so that
all quark flavor-changing effects in the IR are induced radiatively by the Cabibbo-Kobayashi-Maskawa
(CKM) matrix, satisfying the paradigm of Minimal Flavor-Violation (MFV) [42, 43]. For this analysis
we derive the relevant renormalization-group equations (RGEs) for both dipole and minimal couplings,
and use our results to convert limits on the flavor-changing interactions into limits on flavor-diagonal
couplings.

This work is organized as follows. In Section 2 we define our basic setup by providing the effective
Lagrangian for dipole and minimal (vector) interactions of the LDV. The resulting phenomenology
is studied in the subsequent sections, separately for the quark (Section 3) and lepton (Section 4)
sectors, where we present our main results, the model-independent bounds on generic flavor-violating
LDV couplings as a functions of its mass. In Section 5 we use these constraints to derive bounds
on flavor-universal UV couplings with either dipole or vector interactions from RG-induced flavor
violation. We conclude in Section 6. Many technical details are deferred to appendices: Appendix C
contains the details and results of our recast of two-body flavor-violating decays with missing energy
for generic masses of the invisible particles (extending the analysis for a massless invisible particle in
Ref. [22]). Appendix D contains the bounds on flavor-violating couplings in the chiral L/R basis (as
opposed to the V/A basis in Section 3 and 4). The complete set of RGEs relevant for Section 5 is given in
Appendix B, and Appendix E contains the full expressions of two-body decay rates of mesons, baryons,
and polarized leptons, for a generic mass for the light vector. We have also collected the hadronic
matrix elements entering the numerical analysis in Appendix E.1. Finally, Appendix A contains a
discussion of the EFT description of flavor-violating vector couplings and their possible UV origin.

2 Setup

We extend the SM by a new, neutral, massive vector boson V;: with a small mass my+, which arises
either by spontaneous symmetry breaking of, e.g., a U(1)’ gauge symmetry or by the Stueckelberg
mechanism [44-46]. Here we focus on the case where this mass is much below the electroweak scale,
and the light dark vector (LDV) is either stable on collider scales or decays into stable invisible particles.

The most general interactions of the LDV with the SM fermions can be parametrized using an
EFT approach, by considering the most general operators that respect the unbroken part of the SM
gauge group, SU(3)¢ X U(1)em. Here we focus on flavor-violating interactions written without loss of
generality in the fermion-mass basis. We can further assume that a possible kinetic mixing between the
photon and the LDV, i.e., & e A*V/ has been diagonalized such that V/: is also in the mass-eigenstate
basis. This diagonalization can be performed equally well for a massless V), (cf. Ref. [29]), and the
difference with respect to the massive case is merely that for massless vectors there remains an
unphysical ambiguity in the choice of “mass-eigenstate” basis, due to the presence of an unbroken
SO(2) symmetry of the free Lagrangian. Thus our setup applies equally well to the “massless dark
photon” considered in Ref. [29] in the limit of my» — 0.

Below the EW scale the lowest dimensional interactions of the LDV are described by two classes of
operators: dipole and vector interactions. Firstly, we consider flavor-violating, dimension-five dipole



interactions of the form

2
L = —ivlgyv’“” + %Vﬁgv’“ + %V,jy Fiot (CH +iCP%s) f (2.1)
where V;,, = 0,V — 0,V}, is the LDV field strength, o*" = 1[v*,7"], and i # j denote SM quark or
lepton flavors. A is the UV-completion scale of the associated dipole couplings (CB- and C?jf’, which
are hermitian matrices in flavor space, ((Cg»)* = CR‘ and ((CB.E’)* = (C?f’.

Secondly, we consider flavor-violating couplings of the LDV to SM vector and axial-vector currents.
Naively these are dimension-four interactions below the EW scale. However, such flavor-violating
couplings violate U(1)’ gauge invariance (flavor-violating currents are not conserved), and thus must
be proportional to some power of the U (1)'-breaking order parameter, which we take as the vacuum
expectation value (VEV) in the dark sector. Therefore, the flavor-violating vector couplings are actually
dimension-five or higher, depending on the underlying UV model. In perturbative UV completions the
lowest possible scaling is proportional to a single power of the dark VEV, which upon including the dark
gauge coupling becomes the LDV mass my. Normalizing by some UV scale A, the flavor-violating
vector interactions are

mys
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where again i # j denote SM quark or lepton flavors and the vector couplings C}; and (C}f’ are
hermitian matrices in flavor space, ((CZ\;)* = (C}/i and (C;;s)* = C}’i‘r’.

By choosing a scaling that is linear in my- /A, we ensure that the growth of amplitudes with
longitudinally polarized LDVs in initial and/or final states oc E/my as mys — 0 is cancelled by
the my~ dependence in the interaction. This leads to finite amplitudes in the my+ — 0 limit (see
Refs. [16, 47-50] for related discussions), which are just the amplitudes with the corresponding
Goldstone bosons as initial/final states. An explicit example for a UV model that provides this linear
scaling is provided by Froggatt—Nielsen type models [51], discussed in Appendix A. However, the
linear scaling with my~ is only one possibility. For example, in UV models in which SM fermions
do not carry U(1)’ charges the scaling can be quadratic in the dark VEV, as the coefficients involve
additional powers of the U (1)’ breaking scale v/, oc myv'/A2. An explicit realization of this scenario
is also discussed in Appendix A.

The interactions in Eq. (2.1) and (2.2) can also be written in the chiral basis, which is more suited to
match explicit UV models. In this basis

1., -
Lo = Vi Fio™ (C"PL+ CjPr) f;. (2.3)
my — '
Ly = TVV,i firt (CYlPL+ CYRPR) f;
where CEL = ((C})Z-R)*, (CX-L = (CXL)* C};R = ((CXR)* and the relations between the “V /A” and the
“L/R” bases are

Ch = 2 (R +CBM) = £ ()" +CBm), =5 @ +al), @9
CBP = Z(CBF - CBY) = S (@) -CBF), ¥ =;@F-cF). @9

Above the EW scale the operators must be expressed in a manifestly SU(2)1, x U(1)y invariant
manner. For % this is directly the case after embedding the left- and right-handed fermions in the
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Figure 1: Illustrative Feynman diagrams with a flavor-violating ¢; — ¢; transition in two-body decays
oftype P - P'+ V', P -V + V', and B — B’ + V’, in the left, middle, and right panel,
respectively.

corresponding SU(2)1, doublets and singlets, respectively. Instead, the dipole operators in .4} require
an additional Higgs insertion, making them dimension-six operators

1 S
Lo = 13 Vi (FiHC[o" Pafj + he) | (2.6)
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with F; and f; denoting here SU (2)1, doublets and singlets, respectively, and H — H, depending on
the fermion sector and the hypercharge conventions. The matching to £} is provided by identifying
Ag = VuA, where v = 174 GeV is the Higgs VEV.

In the following we derive bounds on the flavor-violating couplings in Eq. (2.1) and (2.2) from
hadronic and leptonic decays with missing energy in the final state. This discussion is unaffected by
other possible interactions of the LDV with SM fields, in particular flavor-diagonal couplings, as long
as these couplings are sufficiently small to ensure that the LDV is invisible on collider scales.

For massive LDVs neither the flavor-violating dipole (Eq. (2.1)) nor the vector (Eq. (2.2)) interac-
tions are UV complete. The UV completion depends on the origin of the mass for the LDV and the
corresponding (highly model-dependent) radial mode required for the unitarity of the theory. In
turn this implies that unless the complete dark Higgs sector of the theory is specified, there exist
perturbative unitarity constraints on the couplings of the LDV, similar to the unitarity constraints from
WW — WW scattering in the Higgs-less SM. We briefly note that, as long as the flavor bounds are
applicable, i.e., LDV masses in the kinematically allowed region, unitarity of 2 — 2 scattering poses
constraints on the corresponding couplings that are weaker than those limits by order of magnitudes.
We thus refrain from elaborating upon these constraints in the current work. For the case of unitarity
bounds on massless fermions with flavor-diagonal couplings coupled to transversely polarized vectors
see, e.g., Ref. [52]. The more general case including massive fermions with flavor-violating couplings
to LDVs will be presented in Ref. [53].

3 Quark Phenomenology of Light Dark Vectors

In this section we derive bounds on the flavor-violating couplings CB»(S) in Eq. (2.1) and CX(S) in
Eq. (2.2) for the quark-flavor transitions: s — d, b — s, b — d, and ¢ — u. We employ the following
three types of two-body decays containing the LDV as an invisible final state’

« P — P’ + V’: pseudoscalar meson to pseudoscalar meson and LDV,

« P — YV + V' : pseudoscalar meson to vector meson and LDV,

*Three-body decays and neutral meson mixing typically give weaker constraints, e.g., for example LHCb constraints on
B(s) — ppa cannot compete with Belle II limits [54].



« B — B’ 4 V': baryon to baryon and LDV.

Figure 1 shows representative Feynman diagrams for the three types of decays.

Appendix E contains the analytical expressions for the corresponding decays rates (including the
dependence on m/,); the relevant form factors are collected in Appendix E.1. Comparing the decay
rates to the experimental upper limits on the branching ratios, we set upper bounds on the couplings in

the V /A basis® of Eq. (2.1) and Eq. (2.2), i.e. on the set {(CB, (CBE’, (Cx, (CV5} The limits are determined
as a function of the LDV mass, with range 0 < m%/, < (mg — mp)2 = mv,max depending on the

masses of the initial, mj, and final, my, states of the decay at hand. Crucially, the form factors depend
on the LDV mass and it is, therefore, essential to consider the full form-factor parametrization for an
accurate analysis.

The available theoretical and experimental information is summarized in Table 1, where we collect the
references for the form factors and relevant experimental limits. Often the experimental collaborations
do not provide limits on two-body decays with missing energy. Yet, in some cases there is enough
information to extract this bound from available data. We indicate this case by a subindex “r” in the
last column of the table, and either use existing recasts in the literature or perform our own recast,
e.g., to find a bound on B — 7/ K/K™* + invis. from BaBar data on the corresponding three-body
decays [35, 36], see Appendix C for details.

Concretely we use our recast for B — K *) + invis. only for LDV masses above 3 GeV. Note that
we can recast only the experimental results of the BaBar collaboration and cannot use the newer Belle
measurements, since the Belle collaboration does not provide the event count as a (binned) function
of the missing-momentum distribution. We use existing recasts for B — p + invis. decays from
LEP [55, 56], B — K + invis. decays from Belle II [39, 57] (this recast is limited to masses below
my = 3GeV), B — K* + invis. decays from BaBar [36, 57] (below my» = 3 GeV). For invisible
baryon decays for which there is no analysis, we derive limits using the total lifetime from the PDG [58]
after subtracting all observed channels as in Ref. [22].

For the bound based on D — 7 + invis. decays we use the result of Ref. [22] for my+ =/ 0, obtained
from recasting CLEO data on D — (7 — mv)v [37]. We also perform a recast of these data for LDV
masses up to my = 0.5 GeV (which is the upper range of the CLEO data set), assuming the efficiency
in all bins to be the same as for my ~ 0. Note that recasting BES III data [59] on D — 77 gives
weaker constraints [22], although this result does not use the full experimental information. It would be
interesting if BES IIl would provide an explicit two-body recast of their full data set. The collaboration
actually does this for the case of two-body hyperon decays A, — p + invis., albeit only for “massless”
invisible particles. Their signal region in fact covers invisible masses up to 316 MeV, and leads to
limits that are much stronger than the ones obtained by saturating the total A, lifetime [22]. As a
conservative limit, to be replaced by a dedicated experimental analysis, we multiply their limit for the
massless case by a factor 1/2 (since close to the endpoint of the signal region half of the signal events
are lost due to energy resolution). We use the resulting bound BR(A. — pV’) < 1.6 x 10~* for LDV
masses up to 316 MeV, and take lifetime limits above 316 MeV. We notice that a search for the decay
D — 7+ X would not suffer from two-body SM backgrounds in contrast to hyperon decays, where
A. — p + v contributes to the signal of a massless X, if the photon is missed.

To set constraints on the couplings {(CB, (CB5, (CZ\;, (CV5} we consider dipole (#p) and vector
interactions (%) separately, and turn on a single coupling at a time. We use the theory predictions in
Appendix E together with the form factors in Table 1 (see also Appendix E.1) to calculate the decay rates
as a function of the couplings and the LDV mass. The rates are then compared to the experimental limits
to obtain the bounds in the mass—coupling plane. We include statistical and systematic uncertainties as

*In Appendix D we show the bounds in the L/R basis.



Quark Transition Hadronic Process Form Factors  Experimental Limit

Kt —=at+V/ (60, 61] NA62 [17, 33, 34]
Xt p+ V! [32, 62-64] BES III [65], Lifetime,.[22, 58]
s d ET X+ V [32, 62-64] Lifetime,.[22, 58]
20204V [32, 62-64] Lifetime, [22, 58]
205 A+ V! [32, 62-64] Lifetime, [22, 58]
A—=n+V/ [32, 62—64] Lifetime,.[22, 58]
BT - KT +V' [66, 66] BaBar, [36], Belle II,. [39, 57]
b—s B— K*+V' [66, 66] BaBar, [36, 57]
Ay = A+ V! (67, 67] Lifetime,.[22, 58]
BT wat 4+ V' [66, 68] BaBar, [35]
b—d B—p+V [66, 66] LEP, [55, 56]
Ay = n+V/ (67, 69] Lifetime, [22, 58]
c Dt gt +V/ [70, 71] CLEO, [22, 37]
Ae —p+V/ [72, 72] BES I1I [40], Lifetime,. [22, 58]

Table 1: Overview of considered hadron decays with invisibles in the final state. The first column
shows the underlying quark-flavor transition, the second the specific hadronic process. The relevant
vector and dipole form factors are taken from the references in the third column. The last column
contains the references for the experimental upper limits on the respective branching ratios. A

subindex “r” indicates that a recast of experimental data was needed, see text and Appendix C for
details.

follows. For the theory predictions we only use the systematic uncertainties associated with hadronic
form factors (these are the most relevant ones), while the treatment of uncertainties of experimental
limits depend on their nature: for decays where the experimental collaborations provide two-body
interpretations (or a theory recast exists), we add the experimental and form-factor uncertainties in
quadrature. In the case where we performed our own two-body recast (as described in Appendix C) we
treat theory uncertainties as Gaussian uncertainties smearing the expectation values of the underlying
Poisson probability distribution functions.

Our results are summarized in Figures 2 and 3 in which we show the lower bounds on the effective
inverse coupling A/C, ; for given LDV mass my. The plots are organized according to the underlying
flavor transition, i.e, s — d, b — s, b — d, and ¢ — u and we separate dipole {C%, Cg‘:’ (Figure 2)
and vector couplings {(Cz\é, (C};5} (Figure 3). Each plot shows the bound on a single coupling for a
given quark-flavor transition, with each line corresponding to a particular hadronic decay, excluding
the region below. Note that P — P’ + V' decays are only sensitive to {CB and (CZ\;} couplings, which
follows from parity conservation of the strong interactions and the Lorentz structure of the form
factors (see Appendix E.1). Also note that dipole operators are dimension-six above the electroweak

scale, so in fact the actual UV scale probed is Ag = VoA in all transitions.

3.1 Dark Dipole Interactions

s — d Transitions The bounds on the dipole couplings {C2,, CP5} are set by K — 7 + invis. and
hyperon decays, cf. Table 1 and Figure 2. For the two-body decay K — 7 + invis. we use the bound



provided by the NA62 collaboration [34]. For baryon decays there is an upper limit from BES III [65]
on the decay X" — p+ invis. with a massless invisible. We estimate the potential reach for this search
by extending it to larger invisible masses by assuming that the same experimental limit is valid for the
whole kinematic range. This is indicated by a dashed orange line. For all other baryon searches, we
set upper limits on branching ratios indirectly as in Ref. [22] by subtracting the measured branching
fractions for all relevant hyperon decay channels from unity. Due to this rather weak limit, K — 7
sets a much more stringent constraint than hyperon decays, limiting the UV scale A/ (Cg to be at least
of the order 10!! GeV. Note however that the search for ¥+ — p + invis. strenghtens the upper limit
by two orders of magnitude compared to the conservative limit estimated with the total lifetime, and
thus, out of all baryon decays, it yields the strongest limit of order 107 GeV on the scale A/ C?j.

Nevertheless baryon decays with missing energy are important for two reasons. The decays to
pseudoscalar, such as K — m, are only sensitive to the {C?j, (CZ\;} couplings. Thus baryon decays
are crucial to constrain the axial coupling A/ Cgs (of the order of a few x 107 GeV), as there are no
two-body decays to vector particles in s — d transitions. Moreover, the decay rates of pseudoscalar
processes are proportional to the LDV mass for the dipole interaction .} (cf. Eq. (E.12)), and thus
only baryon decays can constrain CB for small LDV masses. This can be see in Figure 2 (upper left
panel), where the bounds on CP, from hyperon decays dominate for LDV masses of my- ~ 0 yielding
a limit of O(107 GeV) on the axial coupling A/ CBF’. This provides a strong motivation for explicit
direct searches targeting baryon decays with invisible final states.

b — s Transitions The limits on the dipole couplings {CL, CP°} are set by B-meson decays
B — K/K* + invis. and baryon decays A, — A + invis. The limits from the B-meson decays are
obtained from our own recast of BaBar data (cf. Appendix C), except for BT — K+ + invis. for LDV
masses my+ < 3GeV where we use the recast in Ref. [57] of the recent Belle II measurement of
BT — K*ov [39]. We also use the recast in Ref. [57] of the BaBar measurement of B — K*Tv [36]
below LDV masses of 3 GeV. The limit on unobserved A decays such as A, — A + invis. is obtained
by comparing the SM prediction for the total lifetime with the experimental one inferred from all
observed channels, ascribing the difference to the allowed value for the two-body invisible decay [22].
As for s — d transitions, decays to pseudoscalar mesons such as BT — K can neither constrain the
axial coupling (CDSE’, nor (Cl]))s for very small LDV masses. Otherwise, however, they do dominate over
the constraint from Ay, — A.

In contrast to s — d transitions, there is also a decay with vector mesons in the final-state, B — K™,
which constrains both the CES and the (CE;’ couplings in the entire LDV mass range, if kinematically
allowed. Hence, B — K* decays are complementary to B — K decays in constraining A /C}), setting
limits on the UV scale of the order 108 GeV, and also dominate the bounds on A / (C}?f of similar size,
up to a small region where this channel is kinematically closed and A, — A decays set the strongest
limit, of the order 107 GeV. Note that there is an upper limit of order 10® GeV on A/C} at around
myr ~ 2GeV coming from B — K + V' decays [57], due to a 2.8 0 excess in the latest Belle II
measurement of BT — K Tvv [39].

b — d Transitions The bounds on the dipole couplings {C};, CD>} are obtained from B-meson
decays B — m/p + invis. and baryon decays Ay, — n + invis. The limit on B — 7 decays is obtained
from our recast of BaBar data (cf. Appendix C), while a limit on B — p decays from LEP data [55]
has been derived in Ref. [56]. Analogously to b — s transitions, the pseudoscalar decay B — 7 does
neither constrain the axial coupling Cl]?d5 nor (C?d for small LDV masses, while the decay to vector
mesons B — p does. Thus the two meson decays are complementary in setting limits on A/C;, of



the order of 10® GeV, while B — p dominates the bounds on the limits on A/ Cb’i;) of similar size,
except for LDV masses above the kinematic threshold where A, — n decays take over, constraining
UV scales up to 107 GeV.

c — u Transitions Finally, the constraints on the dipole couplings {CD , CD5} are set by D —
7 + invis. and the baryonic process A, — p + invis. For D — 7 and LDV masses my < 0.5 GeV,
we performed a recast of the CLEO data set (analogous to the B-decay recasts in Appendix C). The
result is shown as a solid, blue line in the bottom panel of Fig. 2. CLEO has only collected data up to
masses of my =~ 0.5 GeV, but we also show the potential bound that could be obtained above this
mass by extrapolating the bound for massless invisible particles [22] to the whole kinematic range,
which we indicate by a dashed blue line.

For A, — p we show two limits in the bottom panel of Fig. 2: solid, orange lines denote the
bound obtained from simply saturating the total A, lifetime, i.e., BR(A. — p+ V') < 1, while the
green line indicates the 95% CL bound obtained from the BES III [40] result for “massless” invisible
particles, BR(A, — p+ V) < 8.0 x 1077 at 90% CL, which in fact covers invisible masses up to
316 MeV and are multiplied by a factor 1/2, see the discussion in the beginning of this section. We
estimate the potential reach for a search extending to larger invisible masses by assuming that the same
experimental limit below 316 MeV is also valid above, and indicate this extrapolation by a dashed,
green line. We observe that the strongest limits on A /CL), are set by the BES III search for a “massless”
LDV in A. — p decays, which are valid for my» < 316 MeV and are of the order of 107 GeV. Between
316 MeV < my+ < 500 MeV a limit of similar size is obtained from D — 7 decays, recasting CLEO
dataon D — (7 — mv)v. The only available limit on LDV masses above 0.5 GeV arises from the total
A, lifetime, which sets limits of order 10° GeV. Naively extrapolating the limits from CLEO on D — 7
and BES Il on A, — p decays to higher LDV masses instead suggests that present bounds could be
strengthened by two orders of magnitude, if BES III would either analyze the available searches for
A, — p decays with extended signal regions, or use available data on D — 77 to set a limit on the
two-body decay.

Currently only A. — p decays are capable to set constraints on the axial coupling A/CD5, of the
order of 10° GeV and 10" GeV for LDV masses above and below 316 MeV, respectively. Besides
extending the search for A. — p + V' to higher LDV masses, this also motivates dedicated searches
for other processes such as D — p + invis. or Dy — K™ + invis. at current or future experiments.
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3.2 Dark Vector Interactions

s — d Transitions The limits on the vector couplings {(C;/d, C;/d5} are shown in Figure 3. As
for dipole couplings, the relevant constraints arise from K — 7 and hyperon decays, see Table 1.
Analogous to the dipole case, the limit from BES IIl on the decay X" — p + invis. for a massless
invisible is tentatively assumed to be valid for the whole kinematic range. The limit on the scale is
indicated by a dashed orange line. K — 7 decays dominate the limits on A/ (C;/d, restricting UV scales
up to 1012 GeV, but cannot constrain the axial coupling A/CY?, where hyperon decays set the only
available bounds of the order of 107 GeV. All limits are non-vanishing when the LDV mass is taken
to zero, which is due to the choice of the prefactor in %5 linear in the LDV mass, see Eq. (2.2). This
corresponds to the gauge-less limit where the longitudinal polarization of the LDV is essentially a
Goldstone boson. With this scaling the flavor-violating decay is similar to the SM decay t — Wb,
which also remains finite in the gauge-less ¢ — 0 limit, since the top quark dominantly decays to
the charged Goldstone Higgs, which couples only via Yukawas to the quarks. Different choices for
the prefactor, corresponding to specific UV completions, would result in bounds that would vanish in
the limit of massless LDVs, with a LDV mass dependence that can obtained by rescaling the limits
presented here.

b — s Transitions The constraints on the vector couplings C), C)'® are obtained from B-meson
decays B — K/K* + invis. and the baryonic decays A, — A + invis. BT — KT sets the strongest
constraint on A /Cy, of the order of 10® GeV, but cannot constrain the axial coupling A/C. Here the
dominant constraints are set by B — K* decays, also of the order of 108 GeV, apart from the region
where this channel is kinematically closed and Ay — A takes over and sets limits on the UV scales
up to 10% GeV. Again there is an upper limit of order 10'2 GeV on A/CY, at around my ~ 2 GeV
coming from B — K + V' decays [57], due to a 2.8 o excess from the latest Belle Il measurement of
BT — KTvw [39].

b — d Transitions The bounds on the vector couplings C);, C)? arise from B-meson decays
B — 7/p+invis. and the baryonic decays Ay, — n + invis.. Analogously to b — s transitions B — 7
decay sets the strongest constraint on A /C}, of the order of 108 GeV, while A/C}’? is limited to about
the same values by B — p decays, up to LDV masses at the kinematic threshold where A, — n decays
dominate the bound of order 10° GeV.

¢ — u Transitions Finally, the bounds on the vector couplings CY,, CY? are set by the decays

D — 7 + invis. and A, — p + invis. Meson decays D — 7 dominate the bound on A/CY, of order
10® GeV, while only baryon decays A. — p can constrain the axial coupling A/CY? at order 10°
and 107 GeV, using the total lifetime and the extrapolation of the BES IIl measurement, respectively,
analogous to the dipole case. Again, it would be interesting if BES III could extend their search for
A. — p+ V' to higher invisible masses, as this is expected to strengthen the present bound on the UV
scale by two orders of magnitude.

11
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LFV Transition = Experimental Limit

w—e TWIST [41], Jodidio, [18, 73]
T—e Belle II [38]
T—= U Belle II [38]

Table 2: The LFV transitions relevant for the two-body decays ¢ — ¢’ + V' and the corresponding
relevant experimental measurements. The subindex “r” indicates that a recast of experimental data
was needed.

4 Lepton Phenomenology of Light Dark Vectors

In this section we present the bounds on the flavor-violating couplings in Eq. (2.1) and (2.2) from LFV
decays ¢ — (' + V' for lepton-flavor transitions 1 — e, 7 — e, and 7 — p. There are three main
differences to the quark-sector analysis: i) there is no hadronic input required, ii) the total decay rates
only depend on the combination |(CB-|2 + |(CB-5|2 and |(Cx 2+ |(CZ\-§5 2, and iii) for the case of ;1 — e
transitions one can profit from polarization in order to suppress SM background from Michel decays.
This allows us to distinguish between (C}; and (C};E’ using the angular distribution of the outgoing
electron.

Concretely, for ;1 — e we restrict the discussion to three benchmark scenarios, depending on the

angular dependence of the differential two-body LFV decay rate in the limit of m. = my» =0

dl'(p — e+ V')
dcosf

x (1 4+ Acosb), (4.1)

where 6 is the angle between the outgoing electron momentum and the muon polarization. We
distinguish three benchmark cases: isotropic decays (A = 0), “V — A” structure A = —1, and “V + A”
structure A = +1. Clearly polarization does not help to distinguish an LFV signal from the SM
background for the SM case A = —1. Thus one can only rely on the monochromatic electron as the
signal, which leads to weaker bounds than in the other cases A = 0,+1 [18]. Interestingly, many
proposals have been put forward to look for this decay at present and future high-luminosity muon
facilities [18-21], which are sensitive also to invisible LDVs. We take present constraints on LFV
transitions from the references indicated in Table 2, and compare them to the predictions for (polarized)
lepton decay rates calculated in Appendix E.5.

p — e Transitions The bounds from p — e + invis. decays on dipole and vector couplings are
shown in Fig. 4. We derive them employing constraints from experiments conducted at TRIUMF, both
by the TWIST collaboration [41] in 2015 (left panel) and Jodidio et al. [73] in 1986 (right panel). For
the latter, we use the recast of Ref. [18]. The three curves in Fig. 4 show the bounds for the three
benchmark scenarios for chiral structures, corresponding to CeDM = 0or (CeD;f’ = 0for A =0, and
(CED# = iiC?j for A = 41 in the upper panel, while in the lower panel they correspond to CXM =0
or CXE =0for A=0,and CXM = iCXE for A ~ +1. For couplings that are not aligned to the SM,
i.e,, not “V — A”, the dominant constraints on LDVs lighter than about 5 MeV are set by the Jodidio
experiment, which limits UV scales of the order of 10!° GeV. Heavier LDVs are constrained only by
TWIST, setting limits of the order of few x10° GeV. LDVs with “V — A” couplings are constrained
by TWIST with bounds of the same order, exceeding the corresponding Jodidio limits also in the
light-mass regime.
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Figure 4: Upper panel: Lower limits on the dipole coupling for 4 — e transitions A/ |(C8Du| from
TWIST [41] (left panel) and Jodidio et al. [18, 73] (right panel). The bounds are shown for three
different choices for (CeDf, corresponding to different angular distributions of the electron momentum,
cf. Eq. (4.1): isotropic decay (A = 0), alignment to SM decay “V—A" (A = —1) and “V+A” (A = +1).

Lower panel: same for the vector coupling A/ |CX#|. See text for details.

T — p/e Transitions The limits from Belle Il on 7 — p/e + invis. decays constrain 7 — e and
T — u transitions according to Fig. 5, where we shows the bounds on the dipole A/ (CTDK (left panel)
and vector couplings A/CY, (right panel). Constraints on the axial couplings A/CP? and A/CY? are
at the same level, as the difference is suppressed by my/m., cf. Appendix E.5. Bounds for 7 — e
and 7 — p transitions are comparable, limiting UV scales of the order of few x 107 GeV for dipole
couplings, and few x 10° GeV for vector couplings.

5 Flavor-violating LDVs from the Renormalization Group

In this section we study the phenomenologically interesting scenario in which LDV interactions with
the SM are flavor-universal in the UV theory, so that flavor-violating couplings are generated only
from the SM flavor violation via the renomalization-group evolution. We start right below the UV scale
A—taken to be much above the electroweak scale—and consider SU(2)1, x U(1)y invariant vector
and dipole interactions of the V' to the SM. For vector couplings see the trivial SU(2);, x U(1)y
generalization of Eq. (2.3) and for dipole couplings see Eq. (2.6). We align possible new sources of
flavor-violation of the V'’ with the flavor violation in the SM by taking the vector couplings to be flavor-
universal, i.e., proportional to the identity matrix in flavor space, and by taking the dipole couplings to
be proportional to the SM Yukawas. In both cases they are flavor diagonal in the mass basis, such that
flavor-changing interactions with the V' are only induced by the renormalization-group evolution to
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Figure 5: Upper panel: Lower limits on the dipole (left panel) and vector (right panel) couplings for
T — e transitions A/|CP,|, A/|CY,| from Belle II [38]. Lower panel: same for 7 — i transitions
A/ |(C7Du LA/ ’CYM- Constraints on the axial couplings A/|CP7| and A/|CY?| are essentially of the

same size, as the difference is suppressed by my/m., cf. Appendix E.5.

the EW scale and always proportional to the CKM matrix. Flavor-violating couplings in the IR thus
follow the paradigm of minimal flavor violation (MFV) [42].

We do not explicitly consider kinetic mixing between the U(1)' LDV and the U(1)y boson, as it
leads only to a shift in the flavor-universal LDV couplings after diagonalising the photon kinetic terms.
By working in this basis, our results also apply to models with kinetic mixing, upon re-defining the
flavor-universal couplings.

We discuss separately the case of dipole and vector couplings in Section 5.1 and 5.2, respectively.

5.1 Dipole interactions

In the interaction basis, the dipole interactions of the LDV with SM fermions are given by (cf. Eq. (2.6))

S _ 1 _ ~ _
Loy D — <Q Yo Hug + Q YyHdg + h.c.) + 5V (QC’BJ‘“’H@LR + QCPo™ Hdp + h.c.> ,
6
(5.1)

with the SM Yukawa matrices Yy, f = u,d, and arbitrary 3 x 3 matrices C’JP. The one-loop RG
equations for the couplings CJ]? and the Yukawa matrices Y are listed in Appendix B. For the UV
universal setup that we consider, the initial conditions at the UV scale A4 are

Cc]ﬂu:AG =cq Yd'y:AG ’ CE‘,L:AG =, YU‘MZAG , (5.2)
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11— 2—-1 1-2 2-3 3-2 1-3 3-1

(CPRY, /A Nydye Ny2ye Nydye Ny Nyiwe Nyiu
(CORY /A Noylys  Nydys Nviue Nviue Nviwe Nyiw

Table 3: Parametric size of leading flavor-violating contributions at low-energy in the UV universal
scenario for dipole couplings, cf. Eq. (5.3). Here A ~ 0.23 denotes the Wolfenstein parameter and
ys = my/v are SM Yukawas couplings. Up-quark transitions (first line) are proportional to the
high-scale coupling cdD , down-quark transitions (second line) are proportional to the high-scale
coupling c?, and all entries are multiplied by v/A2log(Ag/p)/(1672).

with c]]? € C. By solving the RGE at leading-logarithmic accuracy and subsequently rotating to the
mass basis for the quarks we find the low-energy dipole couplings in the L/R notation of Eq. (2.3)
with f = u, d to be*

1 v - 1 NN IR .
1C W) = 1 (cEYu — o (3eRTYIYi — R VerauYa¥ Vi Vo) log(Aﬁ/m) :
6
(5.3)
1 v - 1 IS SN .
XCdDR(M) =1 (CdDYd ~ 6.2 (3CdDYdeT Ya = Vi YaYy VCKMYd) log(As/ M)) ;
6

where Vexy is the CKM matrix, and Yf = my/v are the diagonal SM Yukawas. The left-handed
couplings (CJI?L are related to the ones in Eq. (5.3) by hermitian conjugation, (CfDL = ((CJI?R)T. Note that
indeed flavor off-diagonal entries are generated in both the up- and the down-quark sector at one-loop.
They are proportional to the CKM matrix and the UV coupling of the other sector, i.e., C)® o ¢
and CdDR o c?. Carrying out the matrix multiplications, one can identify the numerically leading
contribution to a given flavor transition. We show these leading contributions in Table 3 for both
sectors.

Using these results, we determine the experimental limits on the high-scale couplings ¢ and
c in Eq. (5.2) from the limits on two-body meson decays discussed in Section 3. Note that the
renormalization scale p is set to the EW scale since below there is no Yukawa running.

As expected from the high-level of flavor suppression inherent to the setup, the resulting bounds are
very mild and often weaker than the constraints from perturbative unitarity. For this reason we only
display in Fig. 6 (left panel) the strongest bounds, which come from B — K* and require Ag ~ TeV
for ¢ = 1 (for cdD = 1 the limit on Ag is far below the electroweak scale and is therefore not shown).

5.2 Vector interaction

In the interaction basis, the vector interactions of the LDV with the SM fermions are given by (cf.
Eq. (2.3))

ot > = (QVuHur + QYaHdg + h.c.) + V, (QCYY"Q + TrCY A up + deCY 1dr) , (54)

with SM Yukawa matrices Yy, f = u, d, and arbitrary hermitian 3 X 3 matrices C’}é with X = Q, u, d.
The one-loop RG equations for the couplings C'Y- and the Yukawa matrices Y} are listed in Appendix B.

“Since the couplings at the UV scale Ag are aligned to the SM Yukawa matrices, a correction from the Yukawa RGE, given
in Appendix B, must be included.
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Figure 6: Lower limits on the UV scale in the UV universal scenario for dipole (left panel) and vector
couplings (right panel), only showing the strongest constraints. See text for details.

For the UV universal setup that we consider in this section, the boundary conditions at the UV scale A
are

Cy(A) = e 13, CY (M) = ey 13, CY(A) =cy 13. (5.5)

u

with cY; real numbers.
By solving the RGE at leading-logarithmic accuracy and subsequently rotating to the mass basis for
the quarks, we find the low-energy vector couplings in the L /R notation of Eq. (2.3) to be

/ 1 ~ A~ ~ o~
(mv ) (CVL( ) = chg ((025 —c ) Y, Y (cg — cg) VCKMYdYJVgKM> log(A/u),

A 1672
/ 1
(m/( > CYl(p) = chg T6n2 ((Cg —c) VJKMY Vi Verw + (CQ —cy) YdY ) log(A/p),
my 1 NP
() V™) = e — 5 (el — ) Vi Vulog(A/n)
’ 1 TN
(F5) R ) = e 1s = 5 (el — ey) ¥ Valog(A/n). (5.6)

where Vexy is the CKM matrix and Yf =my/v, f = u,d are the diagonal SM Yukawas. Note that the
couplings of right-handed interactions C\®, CXR are always flavor diagonal, while flavor-violating

terms in the IR are induced in the left-handed interactions C)~, CY" proportionally to cg —cy

and 025 — ¢Y. Therefore, if the UV couplings are also universal among the different sectors, i.e.,
cg = CX = c?l/, there is no flavor violation in the IR at one-loop, as in this case the LDV actually
couples to the baryon-number current, which is conserved at tree-level inducing flavor violation only
at two-loop [74].

We now discuss this fact in more detail, before turning to the limits. One can rewrite the interactions
in Eq. (5.4) for the case of flavor-universal UV boundary conditions in Eq. (5.5) in terms of the tree-level
conserved (but anomalous) U(1)p current Jj; = >, (Qz’y Q; + uriYH*uRr; + de’y“de) and the
two non-conserved currents J% Nd = => dpw'y dR;, and Jk Nu = = >, uriY"uR;. As all currents are not
conserved beyond tree-level, we take their coefficients to be proportional to the LDV mass

Zini > = (QVuHug +QYaHdg + hec.) + VI ORI + Oy + CXLIN] - 6)

Matching to Egs. (5.4) and (5.5) gives

my: v Vv my’ vy v A4 my: v \Ys Vv (5.8)

7[\ CB:CQ7 7A CNd_Cd_CQ7 ACNUZCU_CQ'
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i—j 2—-1 3-2 3-1

(CY9izg Ny Nyi o Xy?
(CYYizs  Nyp  Nyp Nyp

Table 4: Parametric size of leading flavor-violating contributions to the low-energy vector couplings
of V' in the UV universal scenario, cf. Eq. (5.6). Here A\ ~ 0.23 denotes the Wolfenstein parameter.
Up-quark transitions (first line) are proportional to the high-scale coupling ¢\ — cg = cX,u, down-
quark transitions (second line) are proportional to the high-scale coupling cg — cg = cx 4> and all

entries are multiplied by log(A/u)/(1672).

At the one-loop level there is no flavor violation proportional to C)B/. However, flavor violation does

arises due to the non-conserved currents and is thus proportional to the difference of couplings 025 —cY

and cg — cg. Rewriting Eq. (5.6) in terms of the UV coefficients cg, c\]\/, & cxu with the proper LDV
mass scaling gives finally

mys mys 1 A A A A
( X )CVL( ) = X Bly+ (CXquuYJ + cNgVexmYaY,] VJKM) 10%(/\/#)] ,

myss myss 1 A A PPN
(FE) ) = T | eBla + 75 (N VoV Veran + eXig¥ay) 10g(A/u)],

mys myst 1 AL A

(") €800 = " [+ k) 33— grac T don(a /)]

my myr i 1

( X >C¥R(M) — X (c\é +CXd) 15— & 2CNUZY Yylog(A/ ) } , (5.9)

The numerically leading contributions to a given (hermitian) flavor transition in left-handed interac-
tions are shown in Table 4 for both sectors. We display the resulting bounds on A in the right panel of
Fig. 6 for cxu = 1 (there is no constraint from c\]\/, 4 at one-loop), which are of order A > 103 TeV for
K —  transitions. These limits are weakened by about an order of magnitude for LDV masses above
my — My, where the dominant constraint comes from B — K transitions. In dashed green, we also
show the limits coming from the flavor-violating contribution that is induced at the two-loop level by
the coupling of the LDV to the anomalous baryon current J%. The corresponding limit on the scale A
has been obtained by rescaling the result for X' — 7 of Fig. (1) from Ref. [74], giving A > 3.5 TeV for
¢}, = land ¢y, = c\ry = 0. This is about three orders of magnitude weaker than the limit one obtains

if the LDV also couples to currents that are not conserved at tree-level, i.e., taking c%u = c}\/, .= L

6 Summary and Conclusions

In this work we have systematically studied the flavor phenomenology of light dark vectors (LDVs).
We have restricted our analysis to scenarios where the LDV is directly linked to dark matter, and is
either itself invisible or promptly decays to invisible particles, such that the LDV appears as missing
energy. Working in the context of a general EFT, we have considered both flavor-violating dipole
(see Eq. (2.1)) and vector couplings (see Eq. (2.2)) of the LDV to SM fermions. We have calculated the
resulting predictions for the decay rates of mesons, baryons, and polarized leptons as a function of
the LDV mass, see Section E. These predictions were compared to the experimental limits on various
hadronic processes (Table 1) and LFV transitions (Table 2). For B — 7/K/K* decays experimental
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limits from B-factories are only available for three-body decays with two invisible neutrinos, so we
have recasted available data to obtain bounds on the two-body decay with missing energy as a function
of the LDV mass, see Fig. 7. The resulting limits on general vector and dipole interactions of the
LDV are summarized in Figs. 2 and 3 for the quark sector, and in Fig. 4 and 5 for the lepton sector.
Vector couplings are at least dimension-five operators, which results in very stringent limits on the
UV scale, reaching up to 10'2 GeV in K — 7 decays, 10° GeV in B- and D-meson decays, 10° GeV
in  — e decays, and 107 GeV in 7 — /e decays. Bounds on dipole couplings are weaker, if viewed
as dimension-six operators above the EW scale, but they still probe UV scales of order 10° GeV in
K — mand p — e decays. Importantly, all channels will be improved by present or near-future
experiments, such as NA62, Belle II, BES IIl, MEG-II or Mu3e. We have also discussed a scenario where
couplings in the UV are flavor-universal, so that quark-flavor violation is only induced radiatively
through the CKM matrix. For this analysis we derived the relevant renormalization-group equations
(RGEs) for both dipole and minimal couplings in Appendix B, and used our previous results to convert
limits on flavor-changing interactions into limits on flavor-diagonal couplings, see Figure. 6.

To summarize, the aim of this work is to stress the importance of flavor-violating transitions for
light, dark-matter searches, which is copiously produced in the lab as missing energy in decays of SM
particles. Here we focused on the LDV as part of a dark sector, and showed that present constraints
from precision flavor experiments already probe UV scales as large as 10'2 GeV. This underlines the
important role of present and next-generation flavor factories in hunting down dark matter in the
laboratory.
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A UV Motivation of Vector Couplings

In this section we motivate the scaling behavior of the flavor-violating vector coupling in the La-
grangian of Eq. (2.2), both by EFT considerations and explicit UV-complete models. In perturbative UV
completions, the scaling is at least linear in the dark U(1)’ breaking scale, and we will provide two
example scenarios: one that gives linear and one that gives quadratic scaling. We begin with the EFT
discussion of the latter.

A.1 EFT Discussion for Quadratic scaling

For the EFT approach it is convenient to consider the coupling to the Goldstone boson G in the gauge-
less limit, rather than the coupling of the dark vector V;i itself. They are related by the Goldstone-boson
Equivalence Theorem, which states that at sufficiently high energies, or equivalently sufficiently small
dark vector masses m/,, the vector boson coupling is dominated by its longitudinal polarization, which
in the small m], limit becomes the Goldstone boson. Thus one can work out the couplings of the
Goldstone boson and recover the relevant vector-boson couplings by replacing 0,,G — —my~ V;i in
the interaction Lagrangian.
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We, therefore, consider the case where the dark U(1)’ gauge group is spontaneously broken by
some (SM singlet) scalar field S with charge +1 under the U(1)’. We take the gauge-less limit, so that
G is a true Goldstone boson, contained in .S according to

5= exp(ic/o! A

—Eexp(z /v), (A1)
where v’ /1/2 is the (real) VEV that breaks U (1)’, connected to the dark vector mass by my~ = ¢’v’, and
we have ignored the radial mode that obtains its mass around v’. This mode, together with all UV fields
are taken to be much heavier than the electroweak scale, so that in the IR there is only the SM and the
Goldstone boson G O S, which is formally invariant under global U (1)’ transformations treating S as
a spurion with charge +1. Note that one can always realize such a scenario by making ¢’ sufficiently
small. Writing down the general EFT for this setup, it is clear that if SM fields are not charged under
U(1)/, the possible couplings of the Goldstone to SM fields must involve the same powers of ST
and S. The first such bilinear that gives a non-trivial combination containing the Goldstone is then

Ad
Sto wS D iv'0,G. This implies that, e.g., right-handed down quarks can only couple to the Goldstone
at the level of dimension-six operators only
Cii .t _ Cix —

gqil?ciratic 2 ﬁ (ZST aMS) (dRi’yude) = - ﬁUIaMG (dRi’YMde) ) (AZ)
where A is the UV scale and in general there is flavor violation in the (hermitian) EFT coefficients,
ci+j 7 0. The coupling of the dark vector in this setup is then recovered by 0,G — —mV/V!i, so is
given by

/oo

vm —
Lyadratic O Cz’jTgVV;i (drin"dr;) - (A3)

This analysis demonstrates that the interactions of dark vectors with SM fields that are neutral under
the U(1)’ scale at least as m{, /A x v'/A. In particular they involve an additional factor of the U (1)’
breaking scale as compared to Eq. (2.2). Below we will confirm this expectation in an explicit UV
model, see Section A.3.

A.2 EFT Discussion for Linear scaling

In order to have dark-vector couplings with a linear scaling in the U (1)’ breaking scale, one necessarily
has to charge SM fields under U(1)’. In this case the vector boson couples directly to the charged fields
via the dimension-four operator, e.g., for right-handed down quarks

Linear O glv;i (ER’Y“deR) . (A4)

where X is the diagonal U (1)’ charge matrix. To see how off-diagonal entries are generated, one
has to rotate to the mass basis, which is governed by the Yukawa couplings. It is clear that there is
no flavor violation if X is universal, i.e., proportional to the identity matrix. If instead charges are
non-universal, the mass matrix cannot be generic at the renormalizable level, i.e., it does not yield
realistic fermion masses without breaking U (1)'. Therefore, insertions of S or ST have to be considered
to obtain realistic fermion masses.

Restricting for simplicity to two generations, and charging only dr; with charge +1, i.e., Xg =
Diag(1,0), Xg = Xy = 0, the full Yukawa matrix requires higher-dimensional operators to have full
rank

_ ST_
Lirear O —viQ;Hdra — ZiXQinRl + h.c. (A.5)
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Thus the down-quark Yukawa matrix is given by

Z1€ Y1 ) v’
d <226 yz) W€ V2A (&.6)

We can ignore here the Goldstone in S, since we already have the coupling of the gauge field in Eq. (A.4),
which leads to flavor-violating couplings with V"’ after rotating to the mass basis. Nevertheless we can
also reproduce this coupling with the same arguments as above: in the gauge-less limit, we rescale
dr1 — dr1 eiG/ “/, which removes G from the Yukawa sectors. Ignoring chiral anomalies, this rescaling
only affects the kinetic terms, as it is a local U (1)’ transformation

= 0,G—
L 2 idr1Bdry — —%dmv“dm ) (A7)

which reproduces Eq. (A.4) upon 9,G — —my+V, = —g'v'V,.
We are left to diagonalize the Yukawa matrix Yy in Eq. (A.6), or rather Yij, in order to find the

mixing matrix V; of right-handed down quarks, defined as V) Y,V = V%, In the limit when e < 1,
one has

N 1 29 /ya€
Vd ~ (—22/y26 1 ) 3 (A8)

where we have set y; = 0 without loss of generality. Rotating the dark-vector couplings in Eq. (A.4)
to the mass basis defined by dg — Vydr gives finally

Linear O 9'V, (ERV“ V) deddR) = gV (Vi)ui(Va)ij (drin"dr;) (A9)

so that indeed off-diagonal couplings are generated proportional to ¢'(V)11(Vy)12 ~ g'e ~ my, /A.

To summarize, we have demonstrated that vector interactions of dark vectors can indeed be pro-
portional to a single power of the U(1)’ breaking, and thus scale with the dark-vector mass as in
Eq. (A.4), if SM fermions have non-universal U (1)’ charges. This situation is quite generic in models
where SM Yukawa hierarchies are explained by non-anomalous abelian flavor symmetries, for example
simple U(1) r Froggatt-Nielsen models [51], see e.g. Refs. [7] for examples of such models without
extra heavy fermions to cancel anomalies. It is well-known how to build UV completions for such
models [75, 76], and below in Section A.4 we will present an illustrative example.

A.3 Explicit UV Model for Quadratic scaling

We first construct an explicit renormalizable model for the scaling of vector interactions in Eq. (2.2)
quadratic in the dark U (1)’ breaking scale. We restrict the discussion for simplicity to the down-quark
sector with two generations. The field content is summarized in Table 5, and is clearly anomaly-free.

Qi dri H | S Y Yrs
SUQ)L | 2 1 2 [ 1 1 1
Uy |1/6 -1/3 1/2|0 -1/3 -1/3
U1y 0 0 o1 -1 -1

Table 5: Field content of a renormalizable model featuring quadratic scaling. We restrict the discussion
to the down-quark sector with two generations for SM quarks and heavy vector-like fermions 1,
Yrs, with @ = 1,2 carrying U (1)’ charges in addition to the scalar .S.
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The Lagrangian reads
£ = gkinetic + D%Yukawa + D%calar + ﬁnt—V’ ’ (A.lO)

with standard kinetic terms for all fields and

Rrukawa = —Y§Q; Hdrj — mythr;tr; — 0ijpdr; ST+ hec. (A.11)
Ly = —g'Vy, (briy" i + dri ' ri) (A.12)
Lcatar = M3 |H|? +m%|S|> — Mg |H|* = Xs|S|* — Ams|H*|S|*. (A.13)

For a suitable choice of parameters, the last part in .Z; .oy gives a vacuum expectation value to .S,
(S) = v'/+/2, which sets the mass of the dark vector boson to

myr =g, (A.14)

and induces a mixing between chiral quarks, dr, and vector-like fermions, v, from the mixing term
in Akawa. In the limit of my, > v’ > v we can integrate out the vector-like fermions using their
equations of motion neglecting their kinetic terms

Oéij

Yri = ——2dg; ST, YPr; = 0. (A.15)

M

Plugging this back into kinetic terms and %, lead to the EFT

Sts - Sts = Si0,,S7 -
Lt O _glv;imiicij (dri"dr;) + miicij (idri@dr;) + T%Cij (driv"'drj) ,  (A.16)

where C;; = (oﬂLa)ij. Next we integrate out the radial mode by substituting S with the Goldstone
parametrization in Eq. (A.1) and use the definition of the dark-vector mass to find

Z LA SOy W) o i ad 0.0V ¢ (drd A
nt D — o2 i (driy Rj)+% i (idriddrj) + Oy o i (driv"drj) ,  (A17)

recovering the gauge-invariant® combination Vé —09,,G /my,. Without loss of generality we can assume
that Yg is diagonal, so that we are already in the mass basis. Nevertheless, we do need to re-diagonalize
the kinetic terms due to the second term in Eq. (A.17) induced in the EFT. In the limit of v’ < my,
this is readily achieved by the rescaling dr; — dgr; — (v')?/ (4m12p)C’ij dr;. This leads to additional
small corrections of O(1/ mi) to the final dark-vector couplings, which can be neglected, such that
the leading couplings from the first term in Eq. (A.17) remain

my v’

720131/; (ERW“de) . (A.18)

gquadratic = - 2m¢

These couplings are indeed quadratic in " and are in general flavor violating, C;; # 0. This matches
to the EFT term in Eq. (A.3) upon identifying C;;/ mi = —2¢;; /A%

*In our conventions V,, = Vi + 8,8/g", S — exp(iB)S, G — G + Bv', ¢ — exp(—ifB)v.
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A.4 Explicit UV Model for Linear scaling

We now construct an explicit renormalizable model for the minimal scaling of vector interactions in
Eq. (2.2) proportional to a single power of the dark-vector mass. These types of models are motivated
by scenarios addressing the SM flavor puzzle with non-anomalous abelian horizontal symmetries, see
e.g. Ref. [7]. We restrict the discussion for simplicity to the down-quark sector with two generations.
The field content is summarized in Table 6, and is not anomaly-free. However, we can always introduce
further suitably charged chiral fermions in the right-handed up- and charged-lepton sector in order
to cancel color and electromagnetic anomalies, respectively. Note that g and drs carry the same
quantum numbers.

Qi dri drz2 H | § VR
SU@)L | 2 1 1 2 |1 1 1
Uy |1/6 —1/3 —1/3 1/2|0 -1/3 —1/3
vay | o 1 o 0|1 0 0

Table 6: Field content of a renormalizable model featuring linear scaling. We restrict the discussion
to the down-quark sector with two generations for SM quarks and one family of heavy vector-like
fermions 1, 1 uncharged under U (1)’

The Lagrangian reads
L = Zkinetic + gYukawa + %calar + D%nt—V’ ’ (A19)

with standard kinetic terms for all fields and

Prakawa = —YiQ;Hdra — 2,Q; HYr — myb bp — atppdr1 ST + h.c. (A.20)
ey = ¢'Vydrintdra (A.21)
Lcalar = M3 | HI? +m%|S|> — Mg |H|* — Xs|S|* — Ams|H|*|S|?, (A.22)

where we have simply defined 'r to be that field having a mass term with v1,. This already gives
Eq. (A.4) and the first term in Eq. (A.5) from the EFT discussion, so it only remains to show that
integrating out 91, ¥r induces the second term in Eq. (A.5). The equations of motion for the heavy
fermions read, neglecting kinetic terms

— (0]
Y, = ——Q;H, YR = ——dr1 ST, (A.23)
My My

and, therefore, the resulting EFT Lagrangian term is

Zix

-ﬁinear D) @z Hde ST . (A24)

My

This indeed reproduces Eq. (A.5) with the identification of the UV scale as A = —m,;, /a.. The remaining
calculation follows the EFT discussion, which shows that in these type of UV models the flavor violating
couplings to V' scale indeed linearly with my/A.
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B Renormalization Group Equations

In this appendix we collect our results for the renormalization group equations relevant for the
SU(2)r, x U(1)y interactions of the LDV with SM quarks as discussed in Section 5. Since in the
current work we focused on the case of the UV universal scenario, in which flavor-violation originates
only from the SM CKM matrix, we present here only the one-loop RGEs proportional to Yukawa
couplings. However, in what follows the matrices CE , C’(]iD 022/ , C’X ,and Cg? are generic matrices in
flavor space, i.e., we have not assumed any alignment with the SM Yukawas. The relevant terms in the
Lagrangian are the SM Yukawa interaction, the dipole, and the vector interactions with the LDV. They
respectively read:

Akawa = —Q Yoy Hug — Q YyHdg + h.c. (B.1)
1 _ . _

Foipote = 15 Vit (QCBUWHUR +QCYo Hdy + h.c.) , (B.2)

Lector = V;i (@Cég/’YMQ + HRCX’Y'MUR + ERCXVHdR) . (B3)

The one-loop RGEs for Yukawa running read [77]

dy, 3
167> dln“ﬂ =5 (YUYJ Yo - YaY) Yu) +neTr {YUYJ +Yayy ] Yu,
B.4
1671 dlnlu = 5 <Yde Yd — YuYu Yd) +n.Tr [YUYu + Yde} Yd’

with n. = 3 denoting the number of colors. The one-loop running of the Yukawas is relevant for the
dipole analysis because the RG-evolved Yukawas contribute to the flavor-violating couplings upon
rotation to the quark mass-eigenstates at the EW scale [78].

For the one-loop RGE of the dipole couplings proportional to the SM Yukawas we find

acy 5 3
2P 5 ip B n piop -
167 dlnp N §Yde Ci — §Y“Yu Cq —C Y Ya+205Y, Yy
+ T [V,Y] 4+ vav]| €F.
For the one-loop RGE of the vector couplings proportional to the SM Yukawas we find
1 46 _ YOV —vaoYy! + 1 (vivi +vavh) oY + 2o¥ (vivi + vy
GWm—_uuu—ddd+§(uu_|—dd) Q+§Q<uu+dd)a

9 dCX AV 1 \% Vy -t B.6
16m dng = —2Y,/CLY, + Y Y,Cp +C Y)Yy, (B.6)

acy
167° dlndu = 2V CYYa + Y Y,CY + CYY]Yy.
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C Recast of Experimental Limits

5_B—m
””g B— K
% — K*
— 1 e
= 0.50
A,
/I\
%0.10
% 0.05

0 1 2 3 4 5
mmiss/GeV
Figure 7: Upper 95 % CL; limits on the two-body branching ratios B — K/K* /7 + V’, as a function

of the missing mass Mmuyiss = 1/ 2, obtained by recasting the experimental three-body searches at
BaBar [35, 36], see text for details.

Experimental collaborations often provide only limits on the P — P’ + invisible branching ratios
in terms of the three body decay P — P’vD, as a function of the squared invariant mass of the
di-neutrino system 2. In order to get the experimental limits on the two body decays P — P'V, we
use the event count np per ¢2-bin information, if provided by the experimental collaborations. Only
the BaBar experiment [35, 36] provides all information needed to perform a recast for two-body decays
B — K/K*/7 + V. For B — K and dark-vector masses my < 3 GeV, we use the sophisticated
recast of Ref. [57], otherwise we estimate upper limits on the Wilson coefficients in terms of the CLq
method as explained below.
For a given Wilson coefficient C, the number of signal events s in a ¢>-bin i is given as

s = BR%_, p/(C) X Niot X €, (C.1)

where Nio is the total number of P mesons and ¢; the efficiency associated to bin . Further,
BR%_, p/(C) denotes the branching ratio of P — P’ within the ¢2-bin i. The s + b likelihood
is then given as a Poisson distribution in the number of signal plus background events. The efficiency
€; and total number of P mesons Ny are included as global observables associated to auxiliary
measurements. The uncertainty on the signal, assumed to be Gaussian, is given by the NP theoreti-
cal prediction and is dominated by the form-factor uncertainty. The systematic uncertainty on the
background is implemented as a Gaussian distribution. With this in mind, we denote the likelihood
as L(z|C,v) with x being the outcome, i.e., the observed data, C' the parameter of interest, i.e., the
Wilson coeflicient, and v the nuisance parameters. As a test statistics ¢, we choose a one-sided profile
likelihood. Note that the parameter of interest is actually |C|? since the branching ratio only depends
on |C|? as we only consider one coupling at a time. The p-value p¢ of the s + b hypothesis for a given
value of the Wilson coefficient C' is then given by

pe = / Fltc|C.B(C)) dtc, (C2)

obs
tC

where tocbs denotes the value of the test statistics for the observed data, f denotes the pdf of the test
statistics t¢, and (C') are the values of the nuisance parameter that maximise the likelihood for a
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given C. The a % CL; limit on the Wilson coefficient is then given by the value of C' such that

po_, @

- — C3
Po 100 ’ ( )

where pg denotes the p-value of the background only hypothesis. In order to evaluate Eq. (C.2), one
needs the pdf f of the test statistics ¢t for which we use the ROOT toolkit RooStats in order to sample
the distribution by means of a Monte Carlo method.

Taking the BR(P — P'V) as a parameter of interest instead of the Wilson coefficient C, we

can determine a model independent limit BRexp (P — P’V') on the two body branching ratios, see
Figure 7.

D Limits in the L/R Basis

In this appendix we present bounds on the couplings in the L /R basis {(CgR, CBL, C};R, (CX-L}, which
are obtained from the limits in the V /A basis (discussed in Section 3 and 4)) using Eq. (2.4). As the

decay rates are symmetric with respect to C* <> C® the bounds on both couplings are the same.

D.1 Quark Dipole Interactions

x10* TeV Ajco % 10° TeV A/
: ) ) ) ) i 10 T T T T s
104;' E tB — K* U ]
1 i
10? g T K ]
E =S A3 L ]
10F Aon [ 101 Ay = A
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B — T \ \\ 3
1F Ay —n E \| ]
/ A, — p (lifetime) :
107! ' : : ' ' 1072 : : :
0 1 2 3 4 5 0.0 0.5 1.0 1.5 2.0
my in GeV my in GeV

Figure 8: Upper limits on quark-flavor violating dipole couplings A/ ](CEL
and ¢ — wu transitions. Bounds on A/ ](CE-R\ are identical.

,fors > d,b—s,b—d
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D.2 Quark Vector Interactions
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Figure 9: Upper limits on quark-flavor violating vector couplings A/ \C};L
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and ¢ — u transitions. Bounds on A/ |(C)-;-R| are identical.
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Figure 10: Upper panel: Lower limits on the dipole (left panel) and vector (right panel) couplings
for 7 — e transitions A/|C?6L(R) B A/|CY6L(R)\ from Belle II [38]. Lower panel: same for 7 — 1
transitions A/ |CTD;4 (R) A/ \CYi (R) |.

E Two-body decays to Light Dark Vectors

D o’
(P,B, 1} —t (D — (P, V, B, "

S

Figure 11: Two-body decays {P, B,¢} — {P',V,B’,/'} + V'. The blob represents the non-
perturbative QCD effects for the hadronic decays.

In this appendix we present the full expressions for the two-body decays to a LDV that enter our
analysis, namely

« P — P’ + V’: pseudoscalar meson to pseudoscalar meson and LDV,
« P — V + V’: pseudoscalar meson to vector meson and LDV,
« B — B’ + V': baryon to baryon and LDV,

« £ — {'V': lepton to lepton and LDV.
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For the hadronic processes illustrative Feynman diagrams are shown in Figure 1, while throughout
this appendix we define the two-body kinematics for all decays as in Figure 11, namely as

SM(p) — SM'(p") + V'(q) (E.1)

withg=p—p'and¢®> = (p—p')? = m%//. In the next subsection we collect the parametrization of
all the relevant form factors for the hadronic processes considered, and in the subsequent subsections
we present the expressions for the rates. The numerical values for the form-factors are always taken
from the most recent work referenced.

E.1 Form Factors

P—P +V/

For these decays the hadronic matrix elements for the vector and axial-vector currents read [66]

(P'(®0)|@+"a|P(p)) = (0 + D) FEF (6) + (p — )" FEP (4%,

N (E.2)
(P'(p")[dvs7"q|P(p)) = 0.
The corresponding matrix elements for tensor and pseudo-tensor currents read [66]
_ 2 PP
(PO owal Pp) = e (Wpe = plpn) 117 (0°). )
. E.3
21 /
P/ N\ (= vV P — uvpo ! PP/ 2
(P )T 50l P(p)) = e e mpe fr (@),
where here and throughout we use the €p123 = —e0123 — 11 convention for the Levi-Civita tensor.

P-sVY+V/

For the pseudoscalar decays to two vectors with V denoting the vector-meson, the hadronic matrix
element for the vector and axial-vector currents are parametrized as [66]

VE @V (1 F5) q|P(p)) = P'Vi(¢%) £ PiVa(q?) £ PiVs(q®) £ PRVe(¢®),  (E4)

where A denotes the polarization of V. The kinematic functions read

Pp=i(e"q)q", Pl =2 5 g7,
2
Pf =i[(mp—mp) et = (q) (' +p)"] . P =i("q)[¢" = ———= '+ )], (€5
P 1%
where €, = €}, (p’, A) denotes the polarization vector of the outgoing V. The scalar form factors can be

further parametrized as

—2m ~V(g? —Aq(qg?
Vo(@) = 2 A3, W) = L)y = —AUD)
q mp + my mp —my (E.6)
mp+m mp —m 2m )
Vs(q?) = —Pq2 Yag?) - 2 - Y A5(¢%) = —q;’A3<q2>,

with A3(0) = Ag(0), which ensures finite matrix elements at ¢> = 0, i.e., for massless LDV.
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The corresponding matrix elements for tensor and pseudo-tensor currents read [66]

V@', Mg o qlP(p)) = —ies T (%),

/ —/ 1 * apo (2 (E7)
V', MIT 056l P(P)) = S€aeuvp T (0°)
where
2 / m%_m%; Py, 2 m%—m% PV 2
T (q%) = P [(PB + g — QBq2> 177 (q°) + QﬂTTQ (q )]
(E.8)
2% ¢
# B, (V) - T + T V)
P %

For vanishing momentum transfer q2 = 0, i.e., massless LDV, the scalar form-factors satisfy

T (0) =T3Y(0) =T, (E.9)

while the contribution proportional to 75(0) vanishes.

B —s B +V'
For the baryon decays the matrix elements for vector and axial-vector currents are parametrized

by [67, 69, 72]

2
fi’ii ) %) up(p) ,

2
(B'(p")[@"vna|B(p)) = up (p) (fl(qQ)w - Zfir(bi ) ouwq” +

(E.10)

2 2
(B ()T 15 B()) = p (0) (gl<q2m ),y 30 >qu) —t
mp mpg

with up(p) and up/ (p') the spinor functions for B and B’ respectively. For A decays the values of the
form factors are taken from [67, 69, 72], while for hyperon decays they are taken from [62-64].
The corresponding matrix elements for tensor and pseudo-tensor currents have the form [32, 79]

(B'(0)[7 0" a|B(p)) = g8 up (v)o" up(p),

(B0 d ol B)) =

which is an approximation valid for m%/, = 0, which we use for the hyperon decays. For the baryon
Ay — A, Ay — n, and A, — p decays we use the available full parametrization, given by [67, 72]

. . (E.11)
91" €uvaplip (p')oup(p),

TV /2
(B Wi aal BN =) (11 (ree - ) = 51V i a, ) uno),
YN Y = / flTA(QQ) w2 o\ eTA/ 2V v
(B'(p")[d'ic" q,759| B(p)) = up (p) R ("q* — d"¢) — 2 (¢%)ic" g, | ysuB(p) -

Having collected all hadronic input used in the analysis we next present the full expressions for the
two-body rates. We show separately the contributions from dipole and vector interactions with the
LDV, c.f. Egs. (2.1) and (2.2). For brevity we drop the argument in all form factors since it is always
@ = m%/, in two-body decays. To shorten the expression we also introduce the notations

ke = m2 /M? and Aay = (1 — kg — ky)? — dkighy,

with m, indicating the mass of the final-state particle = and M the mass of the decaying particle.
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E.2 Partial width for P — P’ + V'

The partial width for the decay P — P’ + V' with an underlying ¢ — ¢’ flavor-changing transition is
given respectively for dipole and vector interaction by

Kyimip )‘?3/%/ FEP D |2

P — PV = v "12|C E.12

(P = PV)| = a2 (1+\/IT)‘ FIC (E.12)
Il m?D 3/2 PP’ Vo2

Note that due to the parity conservation of strong interactions the rate is independent of the axial

V(D)

couplings C¥5 and (CB-5. Therefore, P — P’ + V' decays are only sensitive to the C, ; couplings.
In the {L, R} basis, these decays are sensitive to both CE»L(R), (CZ\-;L(R) couplings.
In the limit for massless LDV, the leading in my contributions to the decay rates read
2
. my,,mp 7
lim T'(P— P +V')| =-Y — Vrp)? | FEP P ICD, |2 E.14
i T + V|, = e (U= VER)? [P I (E.14)
/ 1 mp FPP 1210V, |2
lim I'(P—-P +V = - Cy,l”. E.15
i TP = P VO = g (1= mp P PICy,| (E15)

While the rate originating from dipole interactions vanishes in the massless limit, the contribution of
the vector interaction remains constant due to the linear scaling my /A introduced and discussed in
Eq. (2.2).

E.3 Partial width for P — VY + V'

The partial width for the decay P — V + V' with an underlying ¢ — ¢’ flavor-changing transition is
given respectively for dipole and vector interaction by

3
D(P =V + V)| = 570N (Ap|CP, P + Ans[C5P) |

27VV!

2mA” (E.16)

/ mpKL 172 Vo2 V5|2

F(P —V+ V) = D) )\Vv/ (AV|(Cq’q’ +AV5|Cq/q ) s
% 8TA
with the coefficients Ax given by

Ap =TV Py (E.17)

A |TPV‘28"5V (1-— V)2 + Ky (1 + 3/@1;)2 — 2/4;%,,(1 + 3Ky) + IQZ{’/,

D5 = Sy
/ 12 ]_ —|— SHV — HLV/)
TPVi2N2 _ RVI g pPYTPYVRy PV ( E18
+ T3 1 Ay S (L — rp)? e(Ty "T3 ") Avv b —ry) (E.18)
Ay
Ay = [VP—"—, (E.19)
(1 + w/fﬁy)
Ays = |A |2HV' 262, (1 + 3ky) + k(1 + 3kp)2 + 8(1 — ky) 2Ky
1 2
8Ky (1 - w/m))
)\2 / % vV 1 + K

+ |143|2¢2 + RG(A1A3) 14 Apv (1 — Ry’ + 3/6)/) . (E.20)

2\/Fy (1 — k)’

26y (1 — Ky)
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In the limit of a massless LDV, the decay rates reduce to

3

. _ mp 3|2 D |2 D52
mlégor(P — V) b= 2rA (1 —ky)” |T (\Cq,q| + |(Cq/q ) ,
E.21
lim T'(P—VV')| = m?l’) (1-k )3 |A |2|CV,5 24 M\(CV, |2 ( )
My —0 v 16wA2 4 31 dq (VA + 1)2 Tar ]

which illustrates that the sensitivity to C;// o Weakens for very light LDVs.

E.4 Partial width for B — B’ + V'

For baryon decays B — B’ + V' with an underlying ¢ — ¢’ transition the contribution to the partial
width from the dipole and vector interaction read

3
m 1/2 a— A— A— *
(B — B'V') b ﬁ/\B/'V/ [ <\f1TV’2AD1 + 12 VP Ap, + AppRe(fV 7Y )> ICl®

o+ (IFTA AR, + A2 Af, + AfRe(F 524 1CD32] |

(E.22)
3
m 1/2 A A - .
(B — B'V') v o Fig)‘B/’V’ [ (|f1’2AV1 + |f2|2Av2 + AV12Re(f1f2)> |(C;//q’2
+ (91 PAY, + 192?43, + Ay oRe(ar99)) ICY3P]
with the kinematic coefficients
A%l = Ry’ (HZB/ + Kpr (/iv/ - 2) + 6\/K,B//€vl - 2%%// + Ky’ + 1) s
A%Q = 2%231 — kp (kyr +4) £ 6\/kpkyr — H%// — Ky + 2,
A§12 == 6/€V/ (N/KB’ F ]_) (]. + Kpr + 2\/’€B’ — HV/) s
A$1 = (1 + kg £ 2./kp — lﬁ:\//) (1 + kB F 2¢/kp + 2/4:1//) ,
A$2 = Ry’ (1 + kg £ 2\/kKp — Iiv/) (2 + 2kp F4\/kp + livl) ,
Ait/12 = 6I£V/ (RB/ + 2\/1%3/ — Ry + 1) (\/’{B’ F 1) .
In the limit of a massless LDV, the rates reduce to
3
. | . Mp 3[|¢TV(2|~D |2 TA |2 ~D5 |2
Jm T8 = BV = 5 (L= sp)® IV PICRP + PP .
lim D(B - BV)| = 2 (1= ka)? (1A PICY,E + o PICS ) o
My —0 v 167A2 B 749 79 )

For hyperon decays we use the form factor parametrization of Eq. (E.11), valid for my+ = 0. Nonethe-
less, we consider a massive LDV for the kinematics for completeness. The decay rate reads

m3 1/2 ! ~_ ~
= BN (R )? (AD!CQqFJrAgy(CBZ 2) : (E.24)

Iy 7!
(B = BV)| = —5Ag

with the kinematic coeflicients

Alj): = (K}B/ + 2\/KB’ — Ry + 1) (QHB/ :F4‘/"<‘JB’ + Ry —+ 2) . (E25)
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In the limit of a massless LDV, the rate reduces to

3
m !
D 27rf2 (1-rp)’ 98" |2(|<ng|2 + |(C?(51 2) . (E.26)

lim T'(B — B'V')

mv/ﬁo

For a fully polarized initial B, the differential width read

dl'(B— B'V')|  m} )\1//2/[
dcosf p  8mA2TBV
(1A PAG, + 153V P Ay + ApoRe(FV £V ) 1€, 12
o+ (IFTARAS, + ST 2 AS, + AfypRe(fTA S TA*>) cR3P
— 2\ cos 0 (BopIm( fIV fA) + By Tm(fTV £
+ Bpotm(fY [74) + B (£ f4) ) Re(CR,CP5%)
2\ cos 8 (BoyRe(fIY F7) + BDlZRe( FIV A%y
+BpgoRe(f3 ¥ f3™) + By, (f;vaA*)) (C?q@?f}*) ;
dl'(B— B'V")|  m} Al/,2/|:
dcosf v 32mA2T BV

(1P A0, + 1P AT, + AYp,Re(1115) \Cquz

+ (|91|2A¢1 + |g2|2A +A‘\/lzRe 9193) )

- 2)‘}2/'%// cos 0 (anRe(fLCh) + Bv12Re(f291)
+B315Re(f195) + BymRe(f293) ) Re(CY,Cy3)

+ 2)‘}3/'; cos ¢ (anlm(flﬁ) + B y,Im(f2g7)

+Bypptm(f193) + ByssIm(f205) ) Im(CY,CY3)]

(E.27)
with the kinematic coefficients
EDH = Ry (HB/ + 2Ky — 1) , ED22 = 2Kkp + Ky — 2, BSH = —RKy’ (3\/I€B/ + 1) ,
(E.28)
B\/ll = Kp + QKV/ — 1, BV22 = Ry (QHB/ + Ry — 2) y B\i/12 = Ry (31/I§;B/ + ]_) .
(E.29)
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In the limit of a massless LDV, the rate reduces to

. dI'(B— B'V")| mi 3 [TV 2|~D |2 TA 2| ~D5/2
ml\igo dcosf p  4mA? (1= rp) [‘fQ FICqql” + 1£27FICqg
+2cosf (Im(fTVfTA*)Re((C?q(CqDZ*) + Re(fTVfTA*)Im((CquC];g*)) :| ’
. dI'(B— B'V') m 3 21~V (2 21 (~V52
1 = 1— ’ / /
m\}fgo dcosf v 32mA? (1= rp) (’fl‘ Carql” + 191 FICq4l
+2cosf (Re(flgf)Re((ng(Cyg*) - Im(flgl)lm(CqVquVZ*)) ) :
(E.30)

E.5 Polarized lepton distributions and rates £ — ¢’ + V'’

Next we consider the decays ¢ — ¢ + V" for the case in which lepton-flavor violating dipole or vector
interactions with the LDV are present. In this case there is experimental sensitivity to the polarization
of the initial lepton by the measurement of the angular distribution of the angle 6, defined as the angle
between the polarization vector of £ and the three-momentum of ¢'. For the different LDV interactions
we find for the differential width of a fully polarized initial ¢

dr(e = evh| mg \1/2

~ . 9 B
dCOSQ D 87TA2 oY |:(AE + A]:—)) ‘(C]l;?f} + (AD AD |(C@/£

+ AD cosh - Im(C?ZC%*)} )

dr (¢ — 'V") my 1) (E-31)
_ My 12 V v iV GV
+ AY cosh - Re((CXK(CZ?*)} ,
with the kinematic coefficients
AE =2(1- /ig/)Q —kyr (14 Kkp) — /i%// , AX =(1- K(/)Q + kyr (L+ kpr) — 2&%// ,
b_ —6\/ ke Ry, AY = —6\/kp Ky, (E.32)
A = 2)\;/5, ( 2/%4/ — KJV/) ; Ag = 2)\;/5, (1 — 2/<.3V/ — Kug/) .
In the limit of massless LDV, the polarized differential two-body rate reduces to
. dr(t =0V m3 3 2 2 «
ml;/rgo Toosd = 4711<2 (1 —kp) (‘C?Z} +|CP7|” + 2cos 6 - Im(Cp,Cp7 ))
a0 = ev) m3 (E-33)
: _ 4 V. ~Vbx
ml;go dcos 0 v = 327‘(‘A2 (]. — Iig/ (‘(Cg/é + |(Cé/£ + 2cos b - R@(Cg/z@g% )) .

Finally, after integrating over # and averaging over the initial- and final-state polarizations, the total
decay rates read

)\1/2

m
ey
iz (IS

(¢ — e’v’) (AD + AP) + |3

(AP — 21?)) , (E.34)
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\L/2

- V'mzz iV AV iV GV
D(e— v =38 (ICk* (A + AY) + [C¥2[* (AY - AY)) (E.35)
which in the limit of massless LDVs reduces to
3
lim T — v = N3 (|ch CD
B R A (TR P
3 (E.36)

my

= Joraz (1) <‘CW

lim T'(¢— (V') v

mys 1 —0

+|Cy7

).
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