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1 Introduction

Though extremely successful, the Standard Model (SM) is not expected to be valid up to ar-
bitrary high energies. It certainly needs to be amended at the Planck scale, with the advent
of quantum gravity. But then, some new dynamics should show up already at a much lower
scale, though still above the electroweak scale, to avoid hierarchy problems. With this pic-
ture in mind, it seems natural to assume that all the New Physics (NP) degrees of freedom
are heavier than the known SM particles, and decouple at low energy. In a fully model-
independent way, the impact on the SM of any NP model can then be embedded into non-
renormalizable effective operators, under the provision that these involve only the SM fields
and satisfy the SM gauge symmetries. The full classification of these operators has been
achieved many years ago, by Buchmuller and Wyler [1, 2] for the baryon- and lepton-number
conserving operators, and by Weinberg [3-5] for those violating these global symmetries.

Still, whether the SM particles are the only dynamical degrees of freedom within the
electroweak energy range is far from established. Not only is the existence of new light
particles not excluded, since they would evade direct detection when sufficiently weakly
interacting, but their presence could even be welcome. Indeed, many NP models are built
upon some spontaneously broken symmetries, and do often have remnants at low-energy
in the form of massless or very light Goldstone bosons. A well-known example is the ax-
ion [6-10], introduced to cure the strong CP problem of the SM. More crucially, there are
now very strong indications that the universe is filled with dark matter, so there should be
at least one new electrically neutral colorless particle, possibly lighter than the electroweak
scale. Once opening that door, it is not such a drastic step to imagine a whole dark sector,
i.e. a full-fledged set of darkly interacting dark particles only loosely connected to our own
visible sector. Further, it should be stressed that adjoining a dark sector to the SM is
always possible, does not need to be directly related to dark matter (so one would rather
speak of a hidden sector), and is actually quite generic in supersymmetric models. For a re-
cent review, including further physical motivations from string theory or extra dimensional
settings, see e.g. ref. [11].

In the present work, our main goal is to construct the lowest-dimensional effective in-
teractions parametrizing a low-scale departure from the SM particle content. Specifically,
we assume that there is a new particle of spin 0, 1/2, 1, or 3/2, neutral under the SM
gauge group SU(3)c ®@ SU(2)r, ® U(1)y, and write down the gauge invariant operators cou-
pling this particle to SM fields. These effective interactions are not yet included and thus
complement the NP operator basis of refs. [1-5]. To our knowledge, such a complete basis
has never been presented, though parts of it already appeared in the literature. In par-
ticular, those effective couplings between SM and dark particles which are renormalizable,
sometimes called portals, have already been investigated [12-19].

Our second goal is to constrain the effective operators. Since the new state is assumed
neutral under the SM gauge group, it looks like a natural dark matter candidate. How-
ever, the viability of this hypothesis would require constraining its mass, couplings, and
lifetime, and this in general requires more inputs about the dark sector dynamics. Here, we
refrain from doing so and rather concentrate exclusively on the quark FCNC transitions



s > dX, b — dX, and b — sX, where X collectively denotes any final state made of
dark particles. Our focus on these modes, instead of for example leptonic observables or
collider signals, is motivated on one hand by their extreme sensitivities to NP (as detailed
in the next section), and on the other, by the next generation of experiments currently
under construction. Indeed, rare K decays are the main targets of the NA62 (CERN)
and KOTO (J-Parc) experiments, while rare B decays could be accessed at the Super-B
(Italy) and Belle IT (KEK) facilities. So, in the present work, we further assume that the
dark particle is light enough to be directly produced in K and/or B meson decays, and
sufficiently long-lived to escape detection in flavor factories. For all practical matters, this
new particle is invisible, and would show up as missing energy in FCNC-induced rare K
and B decays (for recent works along this line, see e.g. refs. [20, 21]).

Our analysis is organized according to the dark particle spin. To keep the discussion
focused on the operator basis, we rely on extensive appendices to cover the issues of hadronic
matrix elements and differential rates. So, before entering the discussion, the next section
summarizes the main features of the observables considered here, i.e. the rare K and B
decays. Then, given our focus on FCNC processes, a flavor-based classification of the dark
operators is described in the following section, on which we rely throughout the paper.

Rare FCNC decays. The FCNC-induced decay modes are very suppressed in the SM,
where the missing energy is carried away by a v pair (see figure 1). So, even relatively
small NP contributions could be evidenced. Specifically, to set the stage and get an idea
of the sensitivity of the rare K and B decays, imagine that a NP operator of dimension n
contributes to d! — d’ X, with I = 2,3, J = 1, 2 the quark generation indices. If its Wilson
coefficient is set to one, then there is a scale A such that the NP contribution equates the
SM prediction for d! — d’vp,

n—6 2 2

mI g g "
~ ViV 1.1
A4 7 M2, 1672 ViVl (1.1)

with mo 3 = mg g, g the SU(2)1, coupling constant, and V' the CKM matrix. As shown in
table 1 as a function of the dimension, the SM loop factor combined with the CKM sup-
pression pushes the scales A well above the electroweak scale for n < 7. On the contrary,
the rare decay constraints cease to make sense for SU(2);, ® U(1)y invariant operators of
dimension n > 9, since powers of (HTH)/A? — v?/A? grow unchecked when A < v, where
v &~ 246 GeV is the SM Higgs vacuum expectation value.

Clearly, these scales are only indicative. The true sensitivity to a given dark operator
depends essentially on two additional factors. First, the quark transitions d! — d’ X have
to be probed through hadronic processes. Hence, depending on the modes, hadronic matrix
elements as well as phase-space factors can alter significantly the estimates of table 1. In
the following, we compare the sensitivities of all the leading modes. Specifically, in the
K sector, we include the modes with the least number of pions and photons in the final
states, i.e. K - X, K - 71X, K — vX, and K — 7w X, and leave out the K — wnnX
modes. Similarly, in the B sector, the considered modes are the B — X, B — (K, K*)X,
and B — (m,p)X decay channels. The X channel, driven in the K sector by the QED



Figure 1. The rare decays with missing energy in the SM, as induced by the Z penguin (W boxes
are understood).

n=>5 n==~06 n="7 n==~, n=29
s—d 3.3-10"TeV 130TeV 2.0TeV 0.25TeV  0.07 TeV
b—d 13-10°TeV  26TeV 1.5TeV  0.37TeV 0.16 TeV
b—s 27-10°TeV  12TeV  0.9TeV 0.25TeV  0.11TeV

Table 1. Naive reach, in terms of scales A and as a function of the effective operator dimension
n, of the rare FCNC-induced K and B decays, as estimated from eq. (1.1) with the CKM values
of eq. (1.6).

anomaly, is suppressed and difficult to reconstruct experimentally in the B sector, and will
thus not be included [20].

The second factor determining the true sensitivity of a given mode is related to the
experimental strategies deployed to measure it. Since invisible states are not seen, the kine-
matical reconstruction is limited. In addition, these modes are so rare (in the SM) that they
require very aggressive background suppressions. To this end, the central tool is the differ-
ential rate in terms of the kinematical parameters of the visible products. But this differen-
tial rate depends on the nature of the dark particle. Currently, most experimental analyses
implicitly impose the SM differential rate (for X = vr). This means that the current
bounds cannot be directly translated to other types of final state particles. This motivates
another goal of the present paper, which is to provide the full dictionary of the differential
rates for all the leading effective interactions involving invisible final states. These spectra
should be used by the experimentalists to derive bounds for each type of new invisible state.

For more details on these issues, including kinematics, matrix elements, current mea-
surements or bounds, and experimental prospects for the various modes, we refer to ap-
pendix A.1 (B.1) for K (B) decays.

Flavor-based classification of the dark operators. At the electroweak scale, once
the whole NP particle spectrum but the X has been integrated out, the lowest dimensional
operators can be split into three types according to their quark and lepton field contents:

Heﬁ = Hmat + 7'[int + HAB,AE . (12)

By definition, Hi,; contains only gauge and Higgs fields, while H,,q; and Hap Az contain
at least one SM fermionic field. The operators of Hap Az have a non-zero charge under the



baryon (B) or lepton (£) number U(1)s. As in ref. [1-5], all the operators are to be written
as manifestly invariant under SU(3)c ® SU(2), ® U(1)y, i.e. in terms of the quark (lepton)
doublets @ (L) and singlets U, D (E) of each flavor, of the SU(3)c,SU(2)r, U(1)y field
strengths G, Wliy, B,,,, of the Higgs doublet H, as well as of covariant derivatives acting
on these fields, insofar as these cannot be reduced using the SM equations of motion (EOM).

Due to their different field contents, these three types of operators do not contribute
equally to the quark transitions s — dX, b — dX, and b — sX, so let us organize them
differently, in terms of four classes of scenarios, as shown in table 2.

Consider first the operators of H,,q: involving down-type quarks (those with leptons
or up-type quarks are obtained by substituting D,Q — E,L or D,H — U, H*). Up to
possible partial derivatives acting on the quark or invisible fields, and omitting the Dirac
structures, the quark currents are

Xy —ﬁHTDI J % AL ﬁ—l J ﬁ—l J

mat = 0, Q xX+AnHQD xXJrAnQQ ><X+AnDD x X . (1.3)
Those operators have a flavor structure, and thus can in principle induce d! — d’/X.
Clearly, when analyzing the physics reach of rare K and B decays in terms of the scale A,

I£J

the assumptions made on the ¢ are crucial. There are two main scenarios:

I. The constraints derived from rare FCNC decays are the tightest when the NP flavor
structure is generic,
7~ 00). (1.4)
As shown in table 1, the bounds on the NP scale A are then often far above the
electroweak scale.

II. Since Hqt results from integrating out the whole NP particle spectrum, the flavor-
breaking character of its operators could originate from dynamical effects not related
to the dark sector. In that case, the NP dynamics would also quite naturally correct
the visible FCNC operators, on which there are many tight experimental constraints
from K and B physics [22, 23]. This is typically the case in supersymmetric settings,
where the flavored soft-breaking terms cannot be fully generic. Phenomenologically,
a simple way to account for such a non-generic NP flavor structure is to impose the
Minimal Flavor Violation (MFV) ansatz [24-29], i.e. force the quark currents to have
the forms

DI(Y YY) )@, QN(YiY)''Q . DI(Y.YIY. YY)D (15)

In the down-quark mass-eigenstate basis, the diagonal vYy = v/2my tunes the chi-
rality flips, while vY,, = v2m,V parametrizes the flavor change (m, q denotes the
diagonal quark mass matrices, V the CKM matrix, and v ~ 246 GeV the Higgs
vacuum expectation value). So, MFV rescales the Wilson coefficients according to
clf, = mhel v, oy = chfm v, clfy = mimcl? /12, and
A (=3.1441.3) x 1074,
AT N =YY, ViV = 4 A A (7.8 —i3.1) x 1073 (1.6)

A8 = (—4.0 — i0.07) x 1072 .



Upon these rescalings, the accessible scales A are then much lower, especially for oper-
ators of low dimensions, and for s — d operators involving light right-handed quarks.

If the whole NP dynamics is flavor blind, then X couples only to the flavor-diagonal

1#J — (. A flavor transition is of course still possible but it must pro-

quark currents and ¢
ceed through the SM weak interactions, i.e. the flavor-blind quark currents must be dressed
by a flavor-changing W interaction, either between the quark lines or as a self-energy on
these quark lines.

In particular, all the operators of Hiy; are of this type. Indeed, to contribute to FCNC
processes, gauge fields have to be coupled to quarks, while Higgs fields are either coupled to
quarks or left as external tadpoles (to be replaced by the vacuum expectation value after the
electroweak symmetry breaking). The resulting couplings between quarks and X can then

1#J 2~ (. Thus, the only difference with respect to

be matched onto Hynq:, and satisfy! ¢
the flavor-blind H,,,4; operators is that the ¢!/ coefficients are initially suppressed by some
power of the SM coupling constants (at the scale A), by some loop factors, and by quark
Yukawa couplings when a Higgs field is coupled to the quark line (so that ¢33 > ¢!1:22).
For reasons entirely pertaining to the SM dynamics, it is different to probe the cou-

11,22

plings to heavy quarks, ¢33, and to light quarks, c , so these constitute our third and

fourth classes of scenarios.

III. Let us assume we have an operator coupling X to the top quark current. Dressing it
with a W exchange (see table 2), the necessary GIM breaking arises at the electroweak
scale. From the rare decay perspective, this electroweak physics is local, so it can be
matched onto the flavor-changing operators of Class II. The Wilson coefficients end
up suppressed by the MFV scalings (1.6) and by a loop and gauge coupling, i.e.

) ks? ~ (0.8 +i0.4) x 1076 |
P BT = —127# AT 5 L bl (2.1 - i0.8) x 1077 (1.7)
kP =~ (—1.1 —1i0.02) x 1074 .

Typically, the bounds on the scale A are brought down very significantly, often at
around the electroweak scale. Still, the rare K and B decays remain ideal probes
for such kind of effective couplings since a direct collider signal in the t¢ channel is
presumably hidden by the large flavor-blind SM backgrounds.

IV. With X coupled to the light quarks (u, d, or s), it is much trickier to derive bounds
on the scale A for three reasons. Firstly, B physics is unable to provide competitive
constraints, given the small CKM factors V), Vi,s or V3 V4. Secondly, though in the

'The contributions to ¢/”7 are tiny because, as long as the SU(2)z ® U(1)y symmetry is exact, the
gauge/Higgs fields of the Hint operators can couple to a flavor-changing quark current only at the cost
of at least two Yukawa insertions, i.e. two Higgs tadpoles, on the quark line. At the high scale, these
tadpoles cost a factor A~2 compared to the flavor-blind version of the same operator. When A is large,
flavor-changing effects thus dominantly originate from electroweak scale GIM breaking, even though this
necessitates an extra W loop (see table 2).



Flavor-violating (¢ # 0)

ds
P s

Bounds on ¢’7/A™ directly de-
rived from the df — d7X pro-
cesses. When MFV holds, ¢!’ ~
V7 Vi times the appropriate chi-
rality flip factors myr,s /v, see
eq. (1.6).

Flavor-conserving (c!7/ = 0)

Heavy quark: ¢ = (c),t

Light quarks: ¢ = u,d, s, (¢)

Same local operator basis, but
with the coefficients rescaled as
= (g/(4m)?ViiVes x ¢
times the appropriate chirality
flip factors mgyr.s /v, see eq. (1.7).

Due to the small V), B decays
are not competitive. For K de-
cays, the ¢ = wu contributions
are dominant but non local, and
require controlling long-distance

hadronic effects.

Class I, IT

Class 111

Class IV

Table 2. Flavor-based classification of the operators involving dark particles, collectively de-
noted X. After the electroweak symmetry breaking, the H,,q; operators are directly matched onto
Her (¢! — ¢7X) and split into the four classes. The H;,, operators collapse onto the Class III
and/or IV flavor-blind operators once their gauge/Higgs fields are attached to quarks. The Hagar
operators have different signatures, and do not fit in this classification. Note that the charm quark
is considered heavy (light) for K (B) decays.

K sector the weak transition is favored by the large V., V,,4 for CP-conserving observ-
ables,? the light quarks are never integrated out and remain dynamical. This renders
the theoretical control difficult since the K physics scale is too low to allow for a
perturbative QCD treatment. This is true both for the effective operators describing
the weak transition and for the effective operators describing the production of the
new invisible states. Thirdly, there are already many constraints on the flavor blind
production of invisible particles, in particular from 7° or quarkonium decays. Com-
pared to the other classes, it is a priori not clear whether rare decays offer privileged
windows. In the following, we will consider only specific scenarios where competitive
bounds can be derived.

The final type of operators is a bit different and does not immediately fit in the above
classification. First, in general, AB and AL dark operators cannot be present simultane-
ously, since an X exchange would induce proton decay. A way out would be to impose
MFV, which forces AL operators to be proportional to the tiny neutrino masses [31-33],
rendering them irrelevant. The AB operators are not particularly suppressed under MFV,
but they never contribute to the FCNC-induced rare decays considered here. Indeed, these

2CP-violating observables, for which Im(V;5;Vi4) = 0 (this standard CKM convention is used throughout
the paper, see e.g. ref. [30]), are induced by heavy quarks and fall into Class III. Due to the scaling (1.7),
they are very suppressed.



modes trivially conserve B since an odd number of baryons would be required in the fi-
nal state. This is not possible for K decays, while the signatures for B decays should be
experimentally clear, but are beyond our scope.

If MFV is not imposed and AB operators are somehow disposed of, then AL contri-
butions to the d/ — d”/X processes are possible. But, the only AL # 0 invisible final
states either involve an odd number of neutrinos, or some AL = 2 neutrino pairs vpvy,.
Since a neutrino field in an effective operator costs A~3/2, these are in general significantly
suppressed compared to the operators of H,,.+ and Hint. The only exceptions are those
contributing to df — d’vp or df — d’v¥. As will be discussed in the relevant sections,
because vy, is part of the lepton doublet, these operators are always accompanied by the
charge-current transitions d! — u’/¢=v¢ or d! — u’/¢~ V¥, which may offer better windows
than the rare FCNC transitions.

2 Invisible spin-1/2 fermion

When the new invisible fermion is neutral under the SM gauge group and is produced in
pairs, imposing the SU(3)c ® SU(2);, ® U(1)y gauge invariance reduces the basis to the
usual ten chiral currents:

_ C V
Hitor = 3 Q@ X Ve von + © Qw X PRy + © DWD X Py pr + —GE DD X $ry" YR

S S S S
+ LEIDQ x drivr + EEHDQ X Pribr, + LRHQD x Pripr + £ HQD x YribrL

AS AS
T
+ CKSL H' D0 Q x ¥ u + S HQ0, D X 10" b (2.1)

with the definition 0" = i(y#~y" + g"”), and where @ (D) stands for the left-handed quark
doublet (right-handed down-quark singlet). Similar operators can be written down for the
up-quark right-handed singlet or for leptonic transitions, and the generalization to a two

Higgs-doublet model is straightforward.
The coefficients are not assumed real, and their flavor indices are understood. For
example, written in full for the s — d, b — s, and b — d sectors which concern us here:

Vsd Vbs Vbd
A2 SLL g, Prd x v r + - A by Prs X Py vr + - A

by, Prd x ry"pr + h.c. .
(2.2)

There are only two tensor operators because the identity 20#"~vs = ia‘“’o‘ﬁaag forbids
QUWD X Ypro* by, and DUWQ x o). The dimension-seven operators involving the
SM Higgs field are retained because their suppression is only by v/A. By contrast, true

\%
CLL QY@ X Prytr = L

dimension-seven operators involving an additional derivative are more severely suppressed

by mk B /A, and are thus not included.

After the electroweak symmetry breaking, the gauge-invariant operators are rewritten
in terms of the (pseudo)scalar, (axial)vector, and (pseudo)tensor currents. This minimizes
the interferences between the currents in physical observables, since these operators domi-
nantly produce the invisible fermions in different states. The change of basis is

v \% e e s s s s T T
Frvva= crEcrp £crr + crr fsssp = v cip £ ¢l £ CrL + CRR I v CcgrECLr
» 4 ) ) A 4 k) TT,TT A 2 I
v \% v s
_CrRrRETCrr Ferp — CLR v CRR + CRL + CLL CLR 9
fav,aa = 1 , fps,pp = n 1 ) (2.3)




d | K XX | Kl 57 XX K, - XX K' s miahb XX Behavior

i L0  +,+ +,4+,0 L,+,— L,0,0| inmy for
myy®x mg /2 mx (exp. cut) mg /2 (mr —2myz)/2 K —sn7XX
1| fxs | = N
- 7 74 24 19 - 3 6 5 ss
2| fxp
v lg 140 98 28 3 4 N
— — 144
fva
fav -
6 - - - 10 23 18 -
faa 372"
fTT = ~ T
7 - 11 9 11 4 5 2 .
fTT
0| gxs |6 24000 7200 5000 — 380 1100 910
gvv 99 70 20 2 3 - ss
6 - 144
gav - - - 7 16 13
SS
1| Pxs g 4.5 1.6 1.3 - 0.3 0.5 0.4 sP
hxp
3| Ixs | g 0.51 0.19  0.20 - 0.040  0.067  0.063 ss
2 | fxp
fvv lg - 0.12  0.11 0.07 0.014  0.017 - "
fva

fav -

8 - - - 0.027  0.038  0.034 -
faa 0.32"
Jrs | g - 0.10  0.09 0.10 0034 0039 O N
frp ' ' ' ' ' .021%

T
frr | g - 0.12  0.10 0.13 0.046  0.053  0.038 Ir
fTT
Irs 9 - '08* '07* 0.10 0.039  0.045 0.033 7
fip 10 .08

Table 3. Pair production of invisible states: Scales A (in TeV) accessible for each operator,
assuming 107'% bounds on all the branching ratios. The operator dimensions d are written with
a bar for those involving a Higgs field, and thus a v/A factor. For the K — 7XX modes, the
differential rates are integrated over the pion momentum window [140,195] U [211,229] MeV, see
appendix A.l. The short-hands XS (XP) stand for SS or PS (SP or PP), as appropriate. The
quoted my** are indicative; the bounds are derived for mx = 0 or, if the rate vanishes (signaled by
(*)), for mx = 100 MeV. For those which do not vanish, most V.— A, S— P, or T — T degeneracies
are lifted when mx # 0. Still, the dependences of the As on mx are rather weak. The bounds stay
within an order of magnitude of their values at mx = 0, except for myx close to the kinematical
threshold, where they sharply drop towards zero. This is shown in the last column for K™ — 7w Tvi,
where A (normalized to the value quoted in the table) is plotted against mx over the range [0, m.].

where fxy tunes ¢'I'xq” x Ty with Uyasprs=""9,1,75, 0w, 05, and flavor
indices are understood. The corresponding differential rates are listed in appendix A.3 (B.3)
for K (B) decays, and the physics reach is summarized in tables 3 (4). Specifically, the
entries of these tables are obtained by turning on each f; in turn, while keeping the others
to zero. We do not do this at the level of the ¢; in order to minimize the interferences



d | B>+ XX B-o7XX B — pXX B— KXX B— K*XX
mx™ mpgo /2 (mB —mz)/2  (mB—m,)/2 | (mp —mk)/2  (mp—mxk~)/2
1/2 | fsssp | 7T | — 3.2 - 3.0 (4.6) -
frspp | T | 2.7 - 2.1 - 1.7(4.0)
fvviva | 6 | — 10 5.3 9.7(19) 4.3(15)
fav 6 | — - 7.6 - 6.2(21)
faa 6 | 6.2" - 7.6 - 6.2(21)
frr 7T - 2.6 3.1 2.4(3.7) 2.7(6.2)
fir 7| - 2.6 3.0 2.4 (3.7) 2.6(6.0)
0 | gss 6 | — 82 - 75(140) -
gps 6 | 50 - 46 - 37(130)
gvv 6 | — 7.2 - 6.8(13) -
gav 6 | — - 4.7 - 3.9(13)
1 hss,sp | 8 | — 0.61 — 0.56(0.79) —
hps,pp | 8 | 0.56 - 0.42 - 0.36(0.67)
3/2 | fsssp |9 | — 0.18 - 0.17(0.22) —
fps,pp | 9 | 0.18 - 0.13 - 0.10(0.19)
fvviva | 8 | — 0.15 0.10 0.14(0.19) 0.09(0.17)
fav 8 | — - 0.12 - 0.11(0.20)
faa 8 | 0.14* - 0.12 - 0.11(0.20)
frogr |9 | — 0.16 0.16 0.15(0.19) 0.15(0.24)
frsrp |9 | — 0.14 0.12 0.13(0.17) 0.11(0.18)
fig 9 | — 0.11* 0.14 0.09% (0.12*)  0.12(0.20)
f7p 9 | - 0.13* 0.14 0.11*(0.15*)  0.12(0.20)

Table 4. Pair production of invisible states: Scales A (in TeV) accessible for the various operators
with present (future) measurements (see appendix B.1). The operator dimensions d are written
with a bar for those involving a Higgs field, and thus a v/A factor. We assume my = 0 everywhere,
except when the rate vanishes in this limit (indicated by *). Specifically, the B — X X bound on
faa, the B — 7(K)XX bounds on gr, frsrp, and the B — K*X X bounds on gr v, 4 are derived
for mx ~ 2 GeV. The behaviors of the scales A as functions of my are shown for X = ¢ in figure 2.

among the NP contributions. The value of each |f;| is set to one for the vector and axial
vector currents, and to v/A for the others, in order to keep track of the SU(2); ® U(1)y
structure of the underlying operators. Since K, g are approximate CP eigenstates, the CP
phase of the f; must be kept arbitrary. Effectively, we turn on Im f; and Re f; to one (or
v/A) separately, and the tightest bound (largest A) is indicated in table 3.

To derive the entries of tables 3 and 4, specific experimental bounds on the rare decay
branching ratios are used, as detailed in appendix A.1 (B.1) for K (B) decays. Note that
the scales A corresponding to tighter or looser experimental bounds are immediately ob-
tained by a simple rescaling of the numbers in tables 3 and 4, given the dimensions of the
operators (2.1) and the definitions (2.3).

Finally, in figure 3, we compare the sensitivity of the various K and B decay modes
for two illustrative examples, ch and cf 1» with and without imposing MEF'V. In the former
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A[Tev]
A[TeV]

B— K"y ‘
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my[GeV] my[GeV]
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A[TeV]

\ ] ,‘
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my[GeV] my[GeV] my[GeV]

Figure 2. Evolution of the scales A associated with the pair production of invisible fermions as
a function of the fermion mass. The values at m, = 0 correspond to those quoted in table 4,
except for B — 1), given at my = 2GeV. Note that these B — (K(*),p, 7)17p bounds assume
flat experimental acceptances and full phase-space coverage, which is not true in the present
experimental analyses, see appendix B.1.

case, the coefficients are set to (c¥;)!/ = M7 and (c7,)!7 = M7 my /v, see eq. (1.6). Ac-
tually, to avoid dragging a relative factor m; /v, the scales A are plotted taking a two Higgs
doublet model of type II at large tan § = v, /vq (where v, and vy are the two Higgs vacuum
expectation values), so that my/vg & 1 and (c7 ;)¢ is simply suppressed by m/m;. As can
be seen in figure 3, this chirality flip is expensive in the K sector, and pulls the K — mi))
constraint an order of magnitude below those from rare B decays. By contrast, for the vec-
tor current, similar constraints are drawn from rare K and B decays when MFV is imposed.

Let us now turn to the operators not involving the SM fermions, but rather the SM
gauge and Higgs fields. Using these fields EOM, as well as partial integration and identities
like 201V 5 = jghveh 043, the leading operators reduce to

B

B - c - cH - c -
it = N By x o™t L By xbro ppot S H x b+ LV x G

H H
= - b )
+ %iﬂ* D uH x $uy"vr + FRiH D\ H x by

RLZQG X PRYL + LRIQG X PR

HB B B
+ /fig (H'H)B,, x Ppro*"iy, + /L\R (HTH)B,, x {ro™ g

HW HW
+ ig (H'o"H)W}, X protapy + L i B (HYG'HYW], x Yo" vp (2.4)

<=
where D, = D M—B n and QZG stand for each of the following gauge-invariant combinations
of SM fields

QY =D'H'D,H, (H'H)?, B,B", W, W, G%,G" . B,,B", Wi, Wi", G}, G
(2.5)
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Figure 3. Scales A (in TeV) accessible using the rare K and B decays, for the vector current
Y, and the scalar current ¢7 ;. The plots on the right are obtained when MFV is imposed on the
Wilson coefficients.

But for the last three CP-odd combinations, the QZ-G monomials are precisely the dimension-
four gauge and Higgs couplings of the SM Lagrangian. Operators with partial derivatives
acting on v are systematically discarded.

The leading dimension-five operators involve either B, or H YH. The B,,, operators
effectively assign a (mass-dependent) hypercharge to the invisible fermions, since under
partial integration

_ ) _ o _ _
By, x Yrotipr, = 2iB" x Yyr D abr + 2my By x (V" + Yry YR) (2.6)

With m,, /A < 1 but otherwise arbitrary, the second term describes millicharged fermions,
a scenario to be discussed later on. The HTH operators effectively correct the ¢ mass after
the electroweak symmetry breaking, with (setting ch ry, to one)

Smy = v* /A . (2.7)

Taken at face value, naturality would thus prefer A > 24 (240) TeV if m,, ~ dmy < mp/2
(mg/2), as required to produce these states in rare B (K) decays. As seen in tables 3
and 4, this would push the NP effects from the FCNC operators (2.1) just beyond acces-
sibility. Of course, these numbers are only indicative, a specific model need not produce
these dimension-five operators, and even if generated, a sizeable deviation from naturality
cannot be ruled out.
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All the other Hffl% operators are, for our purpose, only marginally relevant. As ex-
plained in section 1, they reduce to the four-fermion operators of eq. (2.1) once Higgs and
gauge fields are coupled to quarks, with the four-fermion Wilson coefficients obeying the
SM scalings (1.7). For example, the dimension-six operators with H T%MH reduce, after
the electroweak symmetry breaking, to an effective Z coupling to 1 which can be treated
in perfect analogy to the SM Z coupling to vv (see figure 1). The rare decays proceed
through the flavor-changing hadronic Z penguin, and the four-fermion operators scale like
Cﬁ:(RR) ~ chL{L(RR)kU with k77 given in eq. (1.7).

The final class of operators involves only one dark fermion field, and thus, from Lorentz
invariance, violates either lepton (£) or baryon (5) number:

) AL T ct” i 7 5" T _pv Cﬁfﬁ i T pv
Has,ac = Co sz/)RLJrF(H H)waRLJrFBWHXwRU L+FWMVHO'7;X’(/}RO' L
2’ - 7 5’ = 7 AP o - o

For simplicity, the possible Dirac, SU(2)r, and flavor structures are understood, as well
as the operators with ¥p — wg. Operators with three dark fermion fields are at least of
dimension seven, hence not included.

As explained in section 1, the phenomenology of the AB or AL operators is different
from that induced by those of H;p,ffit and H'Y. Since ¢AB and cF cannot be simultaneously

int *
AB cannot be

large as a tree-level ¥ exchange would induce proton decay, and since c
probed with the rare FCNC-induced decays considered here, let us concentrate on the
AL operators. The renormalizable ¢5'* interaction, as well as ¢f** after the electroweak
symmetry breaking, mix 1 with v. As a result, these operators are bounded by neutrino
masses, g behaves effectively as a right-handed neutrino, and the 62A7-§ effective interactions
include both FCNC and charged-current interactions. Since the renormalizable operator
(the so-called neutrino portal) is not suppressed by the NP scale, its coefficient cOAE must
be tiny. So, the effective interactions tuned by CQA:? can be sizeable only if the NP dynamics
responsible for such a suppression does not apply equally to all the AL operators.

In this respect, the semileptonic operator tuned by chE may be the most likely to escape
such a suppression. It is the only one directly accessible with the quark FCNC transitions.
However, the processes induced by the charged current component of the C3A£ operator,
d' (1 —~5)u’ x (1 —5)¢%, may give tighter constraints. Indeed, since there is no possible
interference with the SM contributions, this operator enhances all the kinematically-allowed
(semi-)leptonic decays of the K+, BT, and DT, as well as hadronic 7 decays. In particular,
the most interesting channels are the K+, B*, DT — (™1 transitions, whose rates are

PNP(p _y iy = ML) P ) ( fr >2 (m% (cgﬁc)mf ,
64m Mgt + Mmy,s
(2.9)
where P = B, K, D for I, J = (3,1),(2,1),(1,2), ; = m;/mp, fp is the P decay constant
(defined as in ref. [34]), and the kinematical function A is defined in eq. (A.30). Indeed,
the SM charged-current Fermi operators are vectorial, hence these transitions are helicity-

A2

suppressed in the SM (proportional to myx ). On the contrary, the relative strengths of the
P* — {4 transitions for £ = e, u, 7 depend only on that between (CSAL)UK, K=1,223.
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For example, if (c§£)l 7K is independent of K, the NP effects would be most easily seen
for ey final states.

Such an enhancement may be welcome in the B sector. The persistent tension between
the Belle and BaBar measurements of B(B — 7v) = (1.68 £ 0.31) - 10~* [35-38] and the
predictions of the global CKM fits within the SM (see ref. [39] for a recent review) can
be addressed provided my < 3.5GeV. Assuming (c5)3!3 & 1, the reconciliation of the
discrepancy of the order AB(B — 7X) ~ 10~* would point towards A < 5TeV, where the
equality is reached for m, = 0. Note, though, that a non-universal lepton flavor structure
in (c£%)T7K is necessary, in order to circumvent the current bounds from B — ev and
B — uv at the level of 1076 [34].

Actually, if the chﬁ couplings are fully universal in their quark and lepton indices (i.e.
(BEYTE ~ O(1) for all I,J,K), and if my < mp, the best constraints currently come
from the Kyo universality test,® where the NP effect gets enhanced by the small electron

mass:

RO _ MK — ev,) + TNP(K — er))
K TIM(K = py) + TVP (K — pp)

2(1—"”2)2 m DL M2 2 22 TeV\*
SM Y K €3 W SM 242

~ R 1 ~R 1+(1— .
" ( T (m 9*[Vus| A2 ) K\ < A )

From R3M = 2.477(1) - 107° [40, 41] and REP = 2.487(13) - 107° [42], we require REP —
RIM <0.013 - 10~° which translates as A > 82 TeV for my < my. This is comparable to
the scales probed with the FCNC modes.

(2.10)

Some models with light weakly coupled fermions. The operator basis (2.1) can be
used to describe the SM transitions to neutrino pairs, ¥y = ve, vy, V7, g = 0, by setting
all the ¢; to zero but for CXL. The SM rates for K decays are given in appendix A.3.1, and
those for B decays in appendix B.3.1. With ¢ = 0, all but the vector FCNC operators CXL
and ch drop out. Since most NP models do not modify the particle spectrum below the
electroweak scale, their effect simply enter as corrections to these two coefficients [44-49],
and lead to the same vector-like spectrum as the SM contribution. Note that contrary
to true dark fermions, the neutrinos are not neutral under SU(2); ® U(1)y, and thus the
basis (2.1) is not complete since it is lacking the charged current semileptonic operators.
Said differently, if neutrinos had not yet been discovered, charge-current interactions would
offer better windows.

The presence of a light right-handed (sterile) neutrino corresponds to ¥r = vg, ¥y, =0
in egs. (2.1) and (2.8). Of course, once ¥ is identified with vg, it can be given a charge
under U(1), so that all these operators become AL = 0. Some NP dynamics is nevertheless
needed to couple vg, a gauge-singlet, to the quark currents. This can arise in the ¥vMSM
model [50], based on the cOAE coupling and with the quark flavor transition induced by

3The 72 universality test is also constraining when my < my (we thank D. Bryman for pointing this
out). Up to trivial substitutions, R~ is given by eq. (2.10) even when m — pt is kinematically forbidden.
A future measurement of R, at the 1072 level [43] would give A > 67 TeV. Though lower than from Ry,
the two are equally sensitive if (¢55)*“ /(¢85) W ~ Vs /Via.

— 14 —



the SM weak interaction. Alternatively, in some left-right symmetric models [51], the ch
operator can arise from combined Wy and Wx boxes. Note that these two examples are
matched onto the operators of eq. (2.8), for which lepton universality tests are competitive
with FCNC decays, as our analysis of the previous section shows.

In the MSSM, the lightest neutralino x1 is another electrically neutral weakly inter-
acting particle which could be pair produced in rare decays. Though this particle is not
neutral under the SM gauge group, it must be produced in pairs when R parity is conserved.
Because the neutralino is a Majorana fermion obeying

Pyt = Moy —o, 1)

the corresponding operators disappear. In the general MSSM, there are then tree-level
processes contributing to the combinations CZL + CER, CEL + ch, and to the scalar and
pseudoscalar currents c}qﬁ,, X, Y = L,R. The flavor transitions are tuned by the off-
diagonal entries of the down squark LL, RR, and LR mass terms, and the overall scale A
is set by the exchanged down squark mass. This (Class II) scenario was analyzed in detail
in ref. [52], to which we refer for more information.

Another possible new fermion is the azino a, the fermionic superpartner of the ax-
ion [53-55]. Depending on the model, it could be light enough to be produced in K and
B decays. Note, though, that its Lagrangian couplings are flavor-blind, and further, in-
volve the superpartners of the SM particles when R parity is conserved. So, the effective
interactions are not only suppressed by the large scale A = f,, but also by the sparticle
mass scale, loop factors, and the already tightly constrained flavor-violation occurring in
the squark sector. We will not consider this scenario further because, with scales f, above
10° TeV [53-55] (or even much higher in some models), the fermionic operators are far
too suppressed, and signals should be more readily accessible using the single scalar axion
production discussed in the next section.

A final example is the dark sector millicharged fermion 1. [56, 57]. Typically, these
fermions arise when there is a new dark U(1) field V# coupled to the SM U(1)y through
the kinetic mixing e B*V,,,,, as well as to some new fermion states initially neutral under
the SM gauge group [58]. After diagonalizing the two U(1) fields, the dark sector fermions
end up coupled to the SM photon, but with an arbitrary electric charge ee. Alternatively,
this scenario could follow from the B,,, operator in eq. (2.6).

When my, < me, various very tight cosmological and astrophysical bounds hold on
e [56, 57], ruling out any signal in meson decays. On the contrary, for m,_ ~ O(100 —
1000 MeV), the bounds are much less tight, with ¢ as large as 1072 still possible. Since
1 couples to quarks through the photon field, its coupling is flavor-blind (Class III or IV
of table 2). The bounds in table 3 are adapted to this scenario by setting A = My, and
rescaling the Wilson coefficients as ¢!’/ — ce?k!” with k77 given in eq. (1.7). Alternatively,
the physics reach can be more accurately estimated by looking at the K and B radiative
modes with a Dalitz pair, and rescaling their branching ratio by &2,

B(P — P'i.p.) ~e? x B(P — P'tti7). (2.12)
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Up to simple phase-space corrections accounting for my # my,_, this is valid as long as the
Z boson does not dominate. From this, no B decay rate appears large enough to reach
the interesting ¢ < 1073 region. For example, with B(B — (K, K*){T¢7) in the 1077
range, a bound on B(B — (K, K*){.1.) at the 107! level would be needed, far below the
experimental prospects. Similarly, in the K sector, assuming about 10 kaon decays, the
only mode for which one could theoretically reach down to € ~ 1073 is K7, — 1.1, since
B(Kp — vete™) = (9.440.4)-107° [34].

So, the rare FCNC decays do not appear competitive when 1. couples to ordinary
matter exclusively through the photon. But, let us stress that if the couplings to matter of
the SM and dark U(1)s are not perfectly aligned, the CKM suppression of eq. (1.7) may be
evaded, and rare decays would become prime sources of information. Also, as we will see
in section 4.3, in case the dark photon has a non-zero mass, it may be directly produced
and competitive constraints can be derived.

3 Invisible spin-0 boson

If there is a light scalar particle neutral under the SM gauge group and under any dark
gauge symmetry, it can be produced alone. The simplest effective operators are then of
dimension five

¢ ¢ ® ¢
WO = CVTLQ%Q x Olp+ CVTRDWD X QM+ CSTLHTDQ X ¢+ CSTRHQD xé. (3.1)
No operator involving the tensor current or the SM field strengths arises, as these would
require more derivatives and thus would be suppressed by additional factors of O(mg g/A).
Actually, the first two operators (as well as (Q DPQ)®, not explicitly included) collapse to
the third and fourth upon using the tree-level quark EOM [1, 2]

iPQ=YIUH* +Y!DH , i PU =Y, QH*" | i DD = Y,QHT (3.2)
i.e., at the cost of the chirality flips

i(5)" = (YD) ()Y — () (Y ilegp)™ = (G )" (YD) (e0)" (YD)
(3.3)
Though in the rest of the paper, the EOM are always enforced, we prefer to keep all three
operators here because they correspond to well-defined scenarios. On one hand, deriva-
tive couplings are characteristic of non-linearly realized symmetries, while on the other
hand, the HDQ x ¢ operator is effectively a dimension-four Yukawa-like coupling after
the electroweak symmetry breaking.
If the scalar field is charged under some dark sector symmetry, or if the Zs symmetry
under ¢ — —¢ is imposed, it must be produced in pairs. The simplest effective operators
are then of dimension six:

o0 _ Voo 1Oy s it VR E S YRR Ars 5t 7 t R t
Hmat:FQ’y QX’LQZ) 8M¢+FD,Y D><l¢ aM(ZS—'—FH DQX(b Qb"‘FHQDX(b(ZS
(3.4)
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The minus sign of (5) in the first two operators is required as the plus combinations reduce
to the third and fourth operators by partial integration and use of the quark EOM (3.2).
Tensor currents are not included since they are suppressed by a factor of O(mg g/A).

Bounds are derived on the operators involving quark currents of definite C' and P,
tuned by the couplings

v ch + C(gL C?;R * c@L v CSR *cgp CVR + C?;(ﬁL
9S.P = N VAT T SSPS = T o YAy = o

(3.5)
where flavor indices are understood.* The corresponding differential rates are listed in
appendix A.4 (B.4) for K (B) decays. The physics reach is summarized in tables 5 and 6
for one scalar in the final state, and in tables 3 and 4 for two scalars. As expected from
table 1, the lower dimensionality of the operators (3.1) and (3.4) translates as much higher
accessible scales compared to spin 1/2 final states.

The simplest effective operators involving Higgs and gauge fields are

¢G 3®

HES — ) HYH x ¢ + @ x o+ —HTH x 7 (3.6)
¢¢, (990
HOPAP — N HTH x ¢T¢+ —HT'D ,H x 69 “¢+ —QF x ¢T¢>+ HTHX (6'0)*,
(3.7)

where Q?_g are defined in eq. (2.5). Only operators of dimension less or equal to those in
egs. (3.1) and (3.4) are considered. The possibility to write renormalizable couplings be-
tween ¢ and H embodies the so-called Higgs portal. One consequence is a mixing between
¢ and H, which has already been investigated in details, see e.g. ref. [12-19], and will not be
considered further here (but for a comment on )\ in the next section). The other operators
are a priori subleading compared to the Higgs portal, simply because of their higher dimen-
sions. Note, though, that when ¢ is pseudoscalar, most of the ’Hmt couplings drop out in

the CP limit, leaving only those to F WF H” with F),,, any one of the SM field strengths.
Finally, the presence of a neutral scalar field does not open new possibilities compared
to the SM to construct AB and AL couplings. The simplest operators are obtained by

multiplying by ¢ (or by ¢!¢ if ¢ is not neutral) those of ref. [3-5], and are either of dimension
seven and AB = AL = 1, or dimension six and AB =0,AL = 2:

. AL=2 CAB AL . AB=AL o
Hapac ="z HL LH x ¢+ = Q°Qx QL x ¢+ 2 QYriQ x Q'L x ¢ (3.8)

CAB AL AB AL AB AL
3A3 QCQchExqb—i— DcUxUCEx¢+

+ Q°LxDCUx¢+h.c. .

The AL = 2 operator can produce an invisible vzvp¢ final state. However, not only is
this operator of higher dimension compared to those of eq. (3.1), but its contribution to
the rare decays proceeds through a neutral Higgs penguin (Class III in table 2), and is thus
extremely suppressed. The AB = AL = 1 operators have no impact on the AB = 0 rare

“Note that the Cﬁ(g,)v ;. couplings are hermitian matrices in flavor space (see eq. (2.2)), while (021@ )71

(5!
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d K a1 X Kp =X K — migkX

Gy L,0 +,+ +,+,0  L,+,— L,0,0
mip 2m, (exp. cut) mE mg — 2Mmy
0| ¢gs |5 |30-10% 1.5-10"2 — — — —

gp | 5 — — — 0.8-10" 1.2-10" 0.3-101

gv | 5| 1.2-10° 0.6-10° — — — —

ga | 5 — — — 3.6-10" 54-107 1.2-107
1|hr|6 [82-103* 58-103*| 7.6-10° | 2.3-10° 3.2-103 -

hs | 6 — 7.6-10° | 2.3-10° 3.2-10° 1.2-10%*

Table 5. Production of a single invisible particle: Scales A (in TeV) accessible for the various
operators, assuming bounds on the branching ratios of 107!° for each mode. As for table 3, the
ranges of accessible invisible masses indicated in the first line are indicative, as the bounds are
derived setting mx = 0 (except for those channels which vanish, denoted by (*), for which mx =
100 MeV). These scales naively decrease when mx increases due to the phase-space suppressions,
though the experimental acceptances need to be taken into account (see appendix A.1). For the
production of an invisible vector, see also figure 4.

d | B—-nX B—pX |B—KX B—- K*X
mg*™* mpB— Mz MB—Mm, | MB— MK mp — Mg+
0lgs |5 |2 107 — 1-107(5-107) —

gp | 5 | — 7109 - 5-10%(6-107)

gv | 5 | 3-10° — 2-10°(9-10°%) —

ga |5 | — 1-10° - 8- 10%(1 - 10%)
1| hr|6 |210* 260 210*(400%) 220(770)

hy |6 | — 260 - 220(770)

Table 6. Production of a single invisible particle: Scales A (in TeV) accessible for the various
operators with present (future) measurements (see appendix B.1). We assume my = 0 everywhere,
except for those channels which vanish, denoted by (*), for which mx = 2 GeV. For the production
of vector states, see also figure 5.

FCNC decays considered here. In addition, if mg < my,,, those involving light flavors can
induce AB = 1 proton or neutron decays. In that case, without highly non-generic flavor
structures for the ciAB:Aﬁ, the scale A must be close to the Planck scale. On the other
hand, if mg > my ,, these operators could still induce exotic B decays into an odd number
of baryons plus missing energy.

Some models with light weakly coupled (pseudo)scalars. Typical non-linear sym-
metry realizations lead to derivative couplings of the type c?; LvR to the dark scalar field,
with A given by the symmetry breaking scale F'. Well-known examples of such light scalar
states are the azion, resulting from the breaking of the PQ symmetry [6-10], or the familon,
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originating from the breaking of some family symmetry [59, 60]. Only the latter naturally
lead to FCNC couplings, since by design the family symmetry relates the three genera-
tions. For the axion, the dominant effect comes from its flavor-blind coupling to light
quarks (Class IV in table 2). This is dominated by long-distance effects, specifically by the
mixing of the axion with the light neutral mesons, as analyzed e.g. in ref. [61-63] to which
we refer for more details. Let us mention also that in some axion models, there is no direct
coupling to light quarks, but rather couplings to the QED or QCD field strengths of the
form ¢F, F* or ¢G%,Gh”, as included in eq. (3.6).

Similar derivative couplings arise from models of meta-stable supersymmetry break-
ing [64, 65], where a light pseudo Nambu-Goldstone boson ¢ = P may be present. As
discussed e.g. in ref. [66], through the exchange of three gauge bosons, axion-like effective
couplings to quarks are generated with c?} LVR ™ ag’(A) and «; either the weak, strong,
or hypercharge coupling. The scale A is the supersymmetry breaking scale, which can be
around 10—100 TeV in gauge-mediated supersymmetry breaking scenarios. These couplings
are dominantly flavor blind, so according to our general rule (1.7), the flavor-changing ver-
tices scale® as c(‘z;’ijv R~ a?(A)k!7. Thus, rare K and B decays seem unable to reach the
interesting range A > 10TeV. If supersymmetric particles are allowed to propagate in the
loop(s), the operator may be enhanced, though the tight constraints on the flavor violation
in the squark sector probably limit the accessible scales to A < 10TeV range.

Another scenario involving dark light scalar particles is the Nezt to Minimal Supersym-
metric Standard Model (NMSSM). But, in this case, the scalar mass is often larger than
mp [67, 68], the scalar may decay too fast (e.g. to £7£7) to be considered as an asymptotic
state in K and B decays, and the flavor transitions need to be induced by the (supersym-
metrized) weak interaction. When MFV holds, the effective operators are then very sup-
pressed (Class IT scenario, see eq. (1.6)). For all these reasons, the NMSSM does not appear
as a likely scenario where our effective operators could play a role. Still, our formulas for the
differential rates can be directly adapted to that case, and improve on the analysis of ref. [69]
by including more observables, and by a better treatment of the hadronic matrix elements.

A more generic example is the singlet scalar model for dark matter, denoted S. In its
simplest form, it enforces the Zo symmetry and includes only the renormalizable coupling
X of eq. (3.7), with ¢ = S a real field. The capabilities of rare decays in probing this
scenario were discussed in ref. [70-73]. As described there, being flavor blind, the weak
interactions are needed to induce the ngz)z, g, coupling from the A one (which couples SS to
tt through a tree-level Higgs exchange). So, in this case, the key to interpret the numbers
in table 3 is the identification cﬁ%’{é}L/A2 — NEI /m2, with k7 given in eq. (1.7). See
ref. [70-73] for more details.

As a final example, the new invisible scalars could be the sgoldstinos S and P, the
scalar superpartners of the goldstino [74-76], for which the scale A corresponds to the fun-
damental scale of supersymmetry breaking. If light enough, these scalars could be produced

"Note that this estimate differs from ref. [66], where the flavor-violation is required to arise at the scale
A from effective dimension seven operators. As explained in section 1, dressing the effective dimension-five
flavor blind ¢y*q0, P coupling with a W exchange allows for an electroweak-scale GIM breaking, so that
the operator retains its 1/A suppression.
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alone or in pairs in K and/or B decays. In the former case, the coupling is of the form of
cg r.sr» and is tuned by the LR squark mass insertions. In the latter case, the derivative
interactions are of the form of c‘é‘bL and c?}dl)% with ¢ = S and ¢' = P, and are tuned by
LL and/or RR squark mass insertions. Note that since these squark mass insertions are

rather tightly constrained by visible K and B observables, the accessible scales are limited
by the MFV rescalings (1.6).

4 Invisible spin-1 boson

Compared to scalar and fermionic invisible particles, the presence of an invisible vector
particle (denoted V') is significantly more difficult to parametrize. A consistent description
of a neutral massive vector boson coupled to SM fermions is notoriously delicate. At the
same time, adding a U(1) gauge group to the SM is one of the simplest possible exten-
sions [58, 77, 78]. Furthermore, various theoretical models, whose motivations originate
for example from strings [79, 80|, extra dimensions [81], or dark matter theories [82-86],
predict such new long or medium range forces, i.e. with masses in the MeV to a few GeV
range. Such a dark vector boson would have many phenomenological implications, and has
been intensely investigated recently [87-93]. It could also be produced in rare B and K
decays, where it would show up as missing energy if sufficiently long-lived. In this respect,
most models do also induce a coupling to leptons, but as long as the V — £T/~ vertex is
not significantly larger than gg — V', our bounds should hold since producing a Dalitz pair
through a virtual V' exchange would push the rates well beyond the experimental reach.

There are several ways to deal with light vector states, which we organize into three
scenarios. For the first, the simplest FCNC operators involving the dark vector field are
constructed. Those lead to decay rates diverging in the my — 0 limit. This singularity
is then treated assuming some kind of Higgs mechanism takes place in the dark sector (in
a way similar to ref. [78]). For the second scenario, the vector field is supposed to couple
to SM matter fields only through its field strength, in a (dark) gauge-invariant way. This
automatically ensures a safe my — 0 limit, but significantly increases the dimensionality of
the effective FCNC couplings. Finally, the third scenario considers only low-energy effec-
tive couplings of V' to conserved flavor-blind quark currents [77], as can arise for example
from the couplings of V' to SM gauge fields through the kinetic mixing [58].

4.1 Simplest FCNC operators

For the first scenario, we consider the lowest-dimensional flavor-changing operators involv-
ing a vector field neutral under the SM gauge group, which are simply

HY 1 = e Qv,Q x VP + e, Dy, D x VE. (4.1)

mat

Thanks to the Lorentz condition d,V# = 0, the leading correction starts at O(1/A?).
The flavor-changing quark currents Q! fyuQJ and D' %D‘] are not conserved when
I # J (see eq. (3.2)). As a result, a naive rate computation with the polarization sum

* v krE”
P (k) = Zgugl’ =g+ mZ
pol Vv

(4.2)
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diverges as my — 0. This well known phenomenon is related to the impossibility of
defining consistently the massless limit without an active gauge symmetry. It is interesting
to compare this to the behavior of the dimension-four operators originating from the Z
penguin in the SM (see figure 1). There, the Ward identity is violated only once the
electroweak symmetry breaking takes place, and

27/* 27/ *
9 ViV A1 J 9 ViaVis  an1 J
(i;%}{;i;;jic? ’WJCQ X f{Tl)lL}{ — (1;;}(;;;;;591) Q? ’niCQ X 2?” . (4.3)

With Agys ~ v, this effective interaction is simply proportional to g3, up to loop factors.
However, the mass of the Z is also of O(v), and thus it can never be on-shell once using the
effective operator formalism. Instead, dimension-six four-fermion operators proportional

to g*/M% ~ g*/v? are relevant at low energy, see eq. (1.1).

In our case, V is light enough to be produced in meson decays. If it also gets its
mass through some spontaneous symmetry breaking, then® my ~ eZ RVUdark for some vqark
presumably similar or larger than v. But as long as vgac > 0, the limit my — 0 requires
5Z r — 0, which never diverges for physical processes. Actually, enforcing 5{7 R~ MV [Vdark
in the my — 0 limit, any decay rate behaves as

—/d@F/VM“k sk \goe (4.4

dark

*)

(P PV) = Y Puw (k) (eL g M")* ™%

with MH# the hadronic matrix element (P'|Q~,Q”|P) or (P'|D!~,D’|P) and d®p:y,
the phase-space integrations. As expected from the equivalence theorem, this is precisely
the rate one would derive from the axionic operators Q! 'yuQJ x O"¢ and D! %LDJ X OH¢

considered in the previous section, eq. (3.1) with A = vgark.
For the pair-production of dark vectors, the simplest operators are of dimension six:

A% %A% VV’ A%
Hill =L 07, D .Q x “ + SLHIDQ X Vv
CZ’Y"/DW D, Dx VY +1D7 DxV, V" + VVD7 DxV, V" 4 CSRHQDXVV
Az Az Az A2

(4.5)

with the field strength V,, = 9,V, — 0,V,, and its dual VY = %5‘“’””‘//,0. Note that

those involving V* can be reduced to 9,(Qv,Q) x V*V” and 8,(D~,D) x V*V", which
are orthogonal to those tuned by C%‘ﬁ pr (which are missing in ref. [20]). These operators
are given for completeness, but will not be considered further for two reasons. First, in
the present minimal theoretical setting, there is no reason for the renormalizable opera-
tors of eq. (4.1) to be absent, and those would clearly offer better windows. Second, the
leading operators of .V, [I] are those tuned by cgg g since the others are comparatively
suppressed by mg p/v. But these operators also arise from the H "DQ x Vi VH and
HQD x V.V operators considered in the next scenario (albeit in a rescaled form, see
eq. (4.11)). As explained there, these operators could become leading in the presence of a
non-abelian dark gauge invariance, which would forbid single vector production.

6 Actually, we should write my ~ evgark and 5{7 r ~ &" for some ¢ and n > 0. The simplest situation
corresponds to n = 1.

— 21 —



Phenomenology. Let us consider separately the vector ey (d’ yud‘] ) x V# and axial-vector
ea(d'y,v5d”) x VH* couplings. When my # 0, both terms of the polarization sum (4.2)
contribute, so experimental bounds translate as constraints in the (my,ey) or (my, €4)
planes. As explained above, we identify the regions where my /ey 4 > v as physical (for a
similar reasoning, see e.g. ref. [78]).

As shown in figures 4 and 5, the pair (my,ey) is very constrained in both the K and B
sectors, with typically my /ey > v. Indeed, because the second term of eq. (4.2) is growing
as 1/ m%, in the my — 0 limit, ey has to be correspondingly tiny to pass the bounds on
the branching ratio. Said differently, the dark spontaneous symmetry breaking scale vqark
in eq. (4.4) has to be much larger than the electroweak scale. Interestingly, this remains
true even when the flavor-violating part of ey satisfies MFV (green regions in figures 4
and 5), i.e. is rescaled as ey — |V,;Vislev, see eq. (1.6). So, even if there is no theoretical
requirement for the hidden symmetry breaking scale to be very different from that of the
visible sector, current FCNC constraints nonetheless require vga i > v.

For comparison, the right panel in figure 4 shows the constraints one would get from
a similar bound at the 107!° level on the K — 4V channel. As this process is induced by
the anomaly, the coupling is of the form

eN,
1272 F,

Lanom = (RG(E\/)KL + iIm(év)Ks)FMVV“V , (4.6)
with F* the QED field strength. So, the current is effectively conserved, the 1/ m%, term
in eq. (4.2) drops out, and the my — 0 limit becomes smooth.

4.2 Gauge invariant FCNC operators

For the second scenario, we impose that only the dark field strength V), = 9,V, — 9,V
and its dual V& = %z-:“”p"Vpo occur in the flavor-changing couplings. This restores gauge
invariance and ensures a smooth my — 0 limit, but increases the dimension of the sim-
plest operators. Depending on whether the vector is assumed abelian or non-abelian, the
lowest-dimensional operators are either dimension six,

A% Cg A S i C/I‘,/ A iz C¥L T %
Homat 1] = +PQ'Y/L D,Qx V" + FQ'MQ x O,V + FH Doy, Q x V
v 'V \%
4+ B Dy DD x VP 4+ B Dy D x 0,V + TREQo,,D x VI | (4.7
A2 Y vl X + A2 Yuld X Oy + A2 Qauu X ) ( . )
or dimension eight,

Vv 8L ot ki - S | CSR 1 ck¥ 1 ;
Honae (1] =S5 H'DQ x Vu V™ + FHTDQ X Vi VI 4 SUEHQD X Vi VI 4 SHEHQD X Vi VI
vv — vV B PN - Vv B JEN ~
+ —CX4 QYD LQ x V,, VP + %wa‘ D.,Q XV, VP + %Qv” D.Q x V,, V"

\a% 4% 4%

¥ %Dw%ﬂp X Vi VP 4 %D'y“%}VD X Vo, VP 4 %Dw%ﬂp ¥ U, VP . (4.8)

To reach this minimal basis, a number of identities and approximations were used. First,
for the operators with a single vector field, the dual field strength V#¥ is absent from
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Figure 4. Above: Exclusion regions drawn from a bound on the Kt — 7tV (left) and K — vV
(right) branching ratios at the 107!° level. The plots on the first line show the coupling g as
a function of my (in MeV) for the scenario I (blue, g = ey), scenario I with MFV (green,
g = ev|VjiVial), scenario II from the tensor operators 50#¥d x V,,,, (yellow) and II from the vector
operators 5y,d x 0, V* (light yellow), and scenario III (g9 = ee). The grey area represents the
region where my /g = vgax < v =~ 246 GeV. The plots in the second line show the same, but
replace g with A =my /g (in TeV).

MY .+[11] since it can always be reduced to operators involving V*¥ using the quark EOM,
integration by part, and the Chisholm identity [1, 2].

For the operators with two field strengths, we first note that summation over the gen-
erators of the adjoint representation of the dark gauge group may be needed to enforce
gauge invariance. However, to keep things simple, we consider that after the dark sector
symmetry breaking, only one (possibly complex) vector field is light enough to be produced
at low energy, and simply discard the adjoint index. In addition, the non-abelian terms of
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Figure 5. Constraints on the coupling g against my from B — KV (left) and B — K*V (right)
for the scenario I (blue, g = ey), scenario I with MFV (green, g = €|V;;Vis|), scenario II from the
tensor operators b, s x VA (yellow) and II from the vector operators by, s x 9,V (light yellow).
The gray areas represent the regions where my /g = vgark < v = 246 GeV. Lower plots: Same as
above, but in terms of A = my /g (in TeV).

the field strengths are systematically removed since the signatures we are after involve only
two vectors. These restrictions, together with D, V# = —m%,V” and DHVW = 0, permit
to reduce all the operators with derivatives acting on the field strengths (as well as those
involving Q'y“(%y + BU)Q). Finally, tensor operators involving two field strengths cannot
be constructed since VupVﬁ is symmetric under pu <> v, while H TDJWQ X VﬂpVﬁ reduces
to Hf Do"Q x V,,,V% upon using 201 y5 = is“”aﬂaag.

Reduction and phenomenology. Not all the operators are relevant phenomenologi-
cally. First, we can discard all those involving a derivative acting on the quark fields, since
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they are comparatively suppressed by O(mg g/v). Then, consider the operators involving
9, V* in HY,,[11]. Upon enforcing the non-gauge invariant free EOM 9,V* = —m2, V",
they collapse to the dimension-four couplings of 1Y, .[I], eq. (4.1), with the identification

U, ~ - m%/C/LVR my
7 (QuQ, DYuD) x 0,V — — = (QuQ, Dy D) x VI = i —epp - (4.9)

This is thus an explicit realization of the 7. ,[I] operators, though with a major difference
compared to the previous section. In the my — 0 limit, the coupling EE’ r here effectively
scales at least like m%/ instead of my, and the P — P’V rates vanish when my — 0 (com-
pare with eq. (4.4)). The precise scaling is not fixed though, because that between c’L‘{ R and
my is not known. If the vector gains its mass at the scale A from some spontaneous symime-
try breaklng, all we can say is that my ~ gA for some ¢, and c ~ g" for some n > 0, so
that €L7R (my /A)**". This scenario (withn = 1,i.e. g = ey = (mV/A) ) is shown by the
light yellow regions in figures 4 and 5. Comparing these regions with those corresponding to
the first scenario (in blue), the rescaling (4.9) is very expensive in terms of accessible scales.

It is interesting to compare the reduction (4.9) to that of the magnetic operator of
HY . [10]. After integrating by part and using the quark EOM (3.2),

V
. v oC - A
L HD0,,Q7 x VI = %TTH TH(@QY})',Q” + D' (Y]D)) x v

v
—2i AY;HTDI LQ7 X VI — 2%D”HTDIJWQJ x VI . (4.10)
The first two terms match those of H. ., [1], eq. (4.1) after electroweak symmetry breaking.
Since we started from a gauge-invariant operator, gauge invariance is now hidden in the
quark-mass dependent relationships among the couplings e} rof HY . [1], as well as of those
of the higher-dimensional operators in eq. (4.10). It is only upon imposing these relation-
ships that all the terms originating from the k*k”/m?, piece of the polarization sum (4.2)

cancel out. Though this is another physically sound interpretation of the Y, ,[I] operators,

mat
it is much easier phenomenologically to consider directly the operator H'D’ JWQ‘] x Vi
of HY .[IT] from which they derive.

Note, finally, that a similar reduction starting with the last two operators of H.V,[II]

can also be done, leading to the leading dimension-six non-gauge invariant operator of

eq. (4.5)

mat

C , 2 CVV B .
K{; H'DQ x V,,V* 3 i\fL H'DQ x V, V" (4.11)

As explained before, in the present work, we consider this operator exclusively in the gauge
invariant form, since the dimension-four couplings of eq. (4.1) dominate if no dark gauge
invariance is enforced.

After the reductions described above, the only operators relevant for rare FCNC decays

are those involving the Higgs field, which we write after the electroweak symmetry breaking
as (I >J)

HV VV[II] hSS dIdJ % V Vul/ hP{S dI dJ V. Vv h’%] JI dJ VHY
mat A3 A3 V5 X Vv + T Oy X
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1J

in Ll B ihpp - - hs!
L 17 X Vi V9 L Qs 7 5V V9 4 Lol 0950 X VI ., (4.12)

+A3

with, omitting flavor indices for simplicity:

, ve
hy g = A o9 hss.ps = K%’ ihsppp = ~ 5L (4.13)
The rates and differential rates for K (B) decays are in appendix A.5 (B.5), while the
physics reach are in tables 3 to 6. Also, the constraints on the tensor operators are shown
by the dark yellow regions in figures 4 and 5, setting h, 7 = (v/A)g and A = my /g.

4.3 Flavor-blind operators

For the last scenario, the invisible vector boson is allowed to couple to conserved quark
currents only, so that the singular term in the polarization sum (4.2) automatically cancels
out in decay rate computations. To implement this, we have to drop the SU(2);, ® U(1)y
gauge invariance requirement (see below), and couple V' to quarks as

MG = Juleg) x VI, el = Y. colyug - (4.14)

q:u7d7s7c7b7t

The ¢, cannot be completely arbitrary but must reflect the flavor structures present in the
SM. If that was not the case, then the FCNC couplings (4.1) of the first scenario are in
general present [94], and those would completely dominate in B and K decays.

Using the MFV language, there are two possible flavor structures. Either the ¢, are
universal or they are proportional to the Yukawa couplings. In the latter case, the top
current would completely dominate, corresponding to Class III in the nomenclature of
table 2. In the former case, the remaining freedom corresponds to

Cy=C.=C=Cy, Cq=Cs=Cph=Cp, (4.15)

with ¢y and cp a priori arbitrary. Note that this two-parameter freedom means that it
is always possible to write J,[cq| in terms of the electromagnetic and the baryon number
currents only, as was pointed out in ref. [95]. When the invisible vector is aligned with the
photon, rather tight constraints are set by flavor-blind observables, e.g. the muon g — 2,
quarkonium decays, beam dump experiments (see e.g. ref. [11] for a recent analysis). While
we will compare our constraints with those, let us stress that consistency does not require
V), to couple to leptons.” If it is leptophobic, many of these limits can be evaded. Hence,
only the purely hadronic production of V in K or B decays will be considered here, and

should be compared e.g. with those from 7

or quarkonium decays with missing energy.
As explained in section 1, it is very different to probe the couplings to heavy (Class

III) or to light quarks (Class IV), so we will analyze each situation in turn in the next two

sections. But before that, let us return to the issue of an SU(2), ® U(1)y gauge invariant

origin for the conserved currents in eq. (4.14).

”Anomaly cancellation may require the leptons to be charged under the dark gauge symmetry, depending
on the detailed particle content and dynamics of the dark sector. We do not consider such constraints.
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Flavor-blind SU(2); ® U(1)y invariant couplings. In section 4.1, the 1/m?, sin-
gularity of the decay rates arising from the FCNC couplings of eq. (4.1) was interpreted
in terms of a dark symmetry breaking scale vgax = v. Specifically, we enforced that the
coupling constant € of V' to quarks and its mass satisfy my ~ vqark€, so that it is always
the finite combination 2/ m%, -1/ v?lark which occurs in decay rates. But, generic vector
or axial-vector quark currents are conserved for massless quarks, which is the case when
SU(2)r, ® U(1)y is exact (for simplicity, we disregard the chiral current anomalies, which
do not concern us here). So, the presence of the apparent 1/ m%, singularity could be due

to the electroweak symmetry breaking instead of to the dark symmetry breaking.

To make this statement more concrete (see also the discussion in ref. [97]), let us write
down the flavor-blind renormalizable couplings between V' and SM gauge, Higgs, and quark
fields (the flavor-blind summation over I = 1,2, 3 is understood)

<— ~
HYNT = &1 By x VI + e9i HU'D [\ H x V* + &9 B, x VM + eg(H H) x V,VH (4.16a)
Honae ] = e5(Q"7,Q" + D', D! + Uy, U") x V¥ 4 ep (D', D") x V¥ 4 ey (U, U") x V.
(4.16b)

These dimension-four couplings presumably dominate over the higher dimensional flavor-
blind operators, which we do not list here (See ref. [96]).

Only the &1, €9, €9, and ep couplings are compatible with a dark sector gauge in-
variance associated to V, since they vanish under V# — 0/¢ (see eq. (4.4)) upon partial
integration, and using the free Higgs boson and quark EOM. The ep coupling involves
the (conserved) baryon number current, and is thus directly matched onto eq. (4.14). The
other couplings, €y, €p, and €7, would break the dark gauge invariance and are thus dis-
carded. Note that ey must in any case be tiny if V' is to be light enough to be produced in
rare decays. Indeed, the (HTH) x V,,V# coupling gives a mass to V' after the electroweak
symmetry breaking, so barring a large cancellation between the dark and visible Higgs
sectors, eg < m%((B,)/'u2 ~ 1075(107%). We can further discard the 4 term, which is a
total derivative and is relevant only for magnetic monopoles [98].

The two remaining couplings are 1 and €3. The first one is the celebrated kinetic
mixing [58]. Since B, = cosfw A, — sinfy Z,, we can rewrite it as

B, x VI =2cos Oy J;™ x V¥ + 2sinOw Z, x 9,VH . (4.17)

The piece proportional to the (conserved) electromagnetic current 0*F),, = —J™ can be
matched onto eq. (4.14), while the other one mixes Z and V. The &5 coupling also generates
a direct mixing Z,, x V# after the electroweak symmetry breaking, since H TDHH — gv*Z,.

The Z — V mixings induced by 1 and e are very different. The kinetic mixing
Z, %0,V is safe in the my — 0 limit, because it is insensitive to the electroweak symmetry
breaking. Actually, once the Z is integrated out, this Z, x 9,V#" vertex together with the
SM flavor-changing hadronic vertex of eq. (4.3) generate the gauge-invariant operators c’j—y
of eq. (4.7), with ¢} ~ €1¢3V;;V;y and A ~ M. On the other hand, doing the same with
the g9 coupling generates the dangerous operators of the first scenario, eq. (4.1), with

2

g
~ e2gv® X o 5 ViiVig ~ &9

V)IJ
M2, 1672

(er VitVir - (4.18)

g
X 1672
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However, in parallel to the above FCNC operator, €2 also corrects the V mass as 5m%/ ~
e3v2. As a result, mf/hys — 0 requires £o — 0, ensuring again the safety of all decay rates in
the massless limit. This shows that indeed, the visible symmetry breaking scale can play
the same role as a dark symmetry breaking scale. The only difference, besides v # vgapk in
general, is that the former relies on the SM dynamics to drive the FCNC, and thus brings in
the loop and CKM suppression factors, see eq. (4.18). The allowed range of £2 values can be
derived from the green areas in figures 4 and 5, up to the rescaling by g/1672 ~ 1073, Note
that €9 values acceptable for rare decays ensure that 5m%, ~ £2v? can be safely neglected.

The above electroweak mechanism ensuring a safe massless limit may render the exten-
sion to a two Higgs doublet model desirable. Indeed, there would then be two different e
couplings, and an additional conserved current can be constructed [77], whose charges are
aligned with those of the Peccei-Quinn (PQ) symmetry [99]. Combined with the conserved
lepton number current, this allows in principle to make V' completely leptophobic [100, 101].
The cost being the presence of a flavor-blind axial-vector quark current, not conserved at
low energy. The corresponding 1/m?, singularity is nevertheless under control thanks to
the additional sources of Z — V mixing present in the PQ current, i.e. tuned by the same
coupling constant. We will not further elaborate on this construction, but just retain
that a leptophobic setting is in principle possible, allowing to evade the many low-energy
constraints based on the éy,e x V* and fiy,u x V# couplings [11, 87-93].

Apart from the Z — V mixing effects, matched onto eq. (4.1) or eq. (4.7), the ep and
€1 couplings are genuine SU(2); ® U(1)y invariant realization of the two conserved quark
currents of eq. (4.14). Let us now see how to constrain them from rare decays.

Phenomenological constraints on the couplings to heavy quarks. Once the heavy

quarks are integrated out along with the weak bosons, the presence of V in K and B physics
\%

mat

is felt through the operators of the second scenario, in particular #H,,,,[II]. For example, the
last operator in eq. (4.7) is induced in complete analogy to the electromagnetic operators de-

scribing b — sy and s — dvy in the SM. This situation is thus simple to account by adapting

\%
mat

the coupling of H,),,.[11] according to eq. (1.7), and setting the scale A at My,. Alternatively,
a more precise estimate can be obtained when the new invisible vector boson is very light
and aligned with the photon (in the quark sector). If we set ¢y = 2/3ce and ¢p = —ee/3,
the branching ratios for b — sV and s — dV are obtained by rescaling by €2 the SM
predictions for the b — sy and s — dy processes, up to simple phase-space corrections.

Specifically, in the B sector, the branching ratio for b — sV is
B(b— sV) = |e]?B(b — s7)™M, B(b — s7)°™ = (3.15£0.23) - 107* [102],  (4.19)

when my < mp and E,y > 1.6GeV. This cut on the photon energy is actually at
the opposite end of phase-space compared to those set for b — sX. But even with-
out a definite prediction, it is clear that the expected sensitivity of about 107> in the
B — (K, K*)X channels would at best probe £ down to a few percent. For comparison,
typical bounds on ¢ derived from flavor-blind hadronic observables are currently down to
the 1073 range [11, 87-93].
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The situation is worse in the K sector, where only CP-violating observables are sensi-
tive to the short-distance (¢ and t) magnetic operator. As analyzed in ref. [103], those are
beyond experimental reach even in the SM case, and thus cannot be used to set constraints
on e. This is actually clear from table 5: rescaling by k%¢ ~ 1079, the scale A ends up well
below the electroweak scale.

So, rare K and B decays are rather ineffective at constraining the presence of a new
flavor-blind vector coupled exclusively to heavy quarks. Fortunately, in many cases, as e.g.
from eq. (4.17), universality holds and this vector must also couple to light quarks, where
the situation is much better.

Phenomenological constraints on the couplings to light quarks. In this case, the
CKM factors strongly favor the K sector to derive competitive bounds. At the K mass
scale, only the u, d, and s quarks are active quark degrees of freedom. Adopting a matrix
notation in the ¢ = (u, d, s) flavor space, HXH [ITI] takes the form
\Y A / / _c@w—¢p ,_cu+t2p

Heog 1] = € 77, Q'q x V¥, Q:5Q+51,€:?,£:T, (4.20)
with 1 = diag(1,1,1), Q = diag(2/3,—1/3,—1/3), and e the QED coupling constant. So,
from the point of view of low energy physics, there are only two possibilities: either V),
is effectively aligned with the photon (¢ term) or its charges are proportional to baryon
number (&’ term) [95]. This H ¢ [III] coupling must be directly embedded within Chiral
Perturbation Theory (ChPT) [104]. At the leading p? order, the V* field enters only
through the covariant derivative acting on the meson fields

DU = d,U —ieA,[Q,U] — iV, [Q,U] = 8,U — ie(A, +£V,) [Q,U] . (4.21)

The ¢’ term cancels out in the commutator, leaving V,, coupled exactly like the photon A,,.
This ensures the absence of a direct K — wV coupling at leading order, relegating them
to O(p*). Such a direct leading order coupling only exists when the d and s charges are
different. Indeed, in that case, the generator Q' would no longer commute with that of the
weak interaction. This is another way to see that when the universality (4.15) fails, the
dimension-four FCNC couplings of 1. .,[I] should be allowed.

To get bounds on ¢ is rather immediate since the phenomenology is completely anal-
ogous to that of the radiative K decays (see ref. [103] for a recent review). It suffices to
consider the dominant radiative modes and replace one photon by V. When it is massless,
the rates are obtained from those in QED simply by rescaling by €2 (or by o//a, if one
defines o/ = c2a). When massive, the amplitudes are essentially the same, the polarization
sum is identical (since the QED Ward identity holds), so the main impact is a reduced
sensitivity due to the truncated phase-space. Assuming that about 10 kaon decays will
be analyzed in the next generation of experiments, and bounds in the 10712 range are set,
the reach in ¢ is thus naively

2 o B(K = nm+my+V) 10712
~BK —snr+(m+1)y) B(K —nr+ (m+1)y)’

(4.22)
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Experiment (for V' =) [34] Indicative reach

Kp =~V 5.47(4)-1074 le,e’| £4-107° [my < mk]
Kp — 7%V 1.273(34)-1076 le] 11073 [my < mg]
Kg — 'V — le| £3-1073 [my ~ my]
Kp —7tr~V  2.83(11)-107° [DE)] le] 21074 [my < mk]
Kt =tV 1.10(32)-1076 le] 11073 [my < mg]
Kt —atVv — le] <5107 [my ~ m,]
Kt = 7t7%V  6.0(4)-107% [DE] le] <4-107% [my < mg]

Table 7. Indicative experimental reach of the radiative decays for a new light vector boson aligned
with the photon (¢) or with baryon number (&), assuming about 10'3 kaon decays are observed
and bounds in the 1072 range are set. For the K™ — 7V mode, the reach in |¢| drops as my
decreases (with limits at the 1073 level for my ~ 50MeV, 10~2 for my ~ 5MeV, and only 10~}
for my ~ 0.5 MeV).

for massless (or very light) vector boson V, and n +m > 0, n < 4. Since the current
bounds on ¢ are down to the 10™2 range, competitive bounds could be obtained from all
the modes with B(K — nm + (m + 1)7)) 2 1077, Those are listed in table 7.

The K — 7V channel is special because K — 7y is forbidden due to gauge invari-
ance. Further, even when off-shell, K — 7y* vanishes at leading order in ChPT, and
so does K — 7V. The leading contribution thus starts at O(p*), from loops and local
counterterms, and is approximately given by [105]

A(KH(P) = 7tV (q) = e tay (2P" — ¢"P-q) £(q) , (4.23)

with a4 an O(1) constant. The Kg rate is expressed similarly in terms of the O(1) con-
stant ag, while that for Ky ~ K| is CP-violating and thus driven by heavy quarks (since
Im(V,}.V,q) = 0). From this amplitude, we get the rate

2, GFmK

NKY —»atV)=¢ (4.24)

with A(1,72,7%) the kinematical function defined in eq. (A.30), and r; = m;/my. Normal-

s Doy

izing with the K — mTeTe™ process to get rid of a,,

el 23\3/2(1, r2 Tv)rz

P )
! 8P, v
with @, ~ 0.145 the K+ — 7teTe™ phase-space factor, and B(K+T — ntete™) = (3.00 -
0.09) - 10~7 [34]. Reminiscent of K — 7, the rate vanishes in the my — 0 limit. This
seriously hampers the reach in |¢], as indicated in table 7. Even in the most favorable

B(Kt = ntV) = xB(Kt = rtete) | (4.25)

window m,; < my < 2my, KT — 77V is less sensitive to |¢| than K — «V by about an
order of magnitude, see the red regions in figure 4.

To get bounds on ¢’ is more difficult because it cancels out from the O(p?) Lagrangian,
and thus also from the O(p*) meson loops (see eq. (4.21)). It can thus occur only in
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some local counterterms involving the V,,, field strength (of vanishing anomalous dimen-
sion since there are no divergent loop contributions), and in the odd-parity anomalous
O(p*) Lagrangian. The former are very suppressed compared to the loop contributions
induced by QED and by the € piece, and will be neglected [103].

Concentrating on the odd-parity sector, only the K; — vV mode appears useful to
constrain ¢’ (its anomalous amplitude, driven entirely by the up quark [106], is sensitive
to both € and ¢’). The magnetic direct emission amplitudes in K — 7y are significantly
more suppressed and difficult to access experimentally. Rescaling K — ~7v according to
eq. (4.22) shows that a bound on K7, — vV at the 1072 level would probe couplings down
to at least |e,&’| < 107*. Interestingly, this is more than an order of magnitude better than
using the flavor-blind transition 7° — 'V, for which the best limit is 3.3-107%, i.e. |e,&'| <
6 - 1073 [34]. Further, the range of accessible V masses is evidently larger in K decays.

4.4 Baryon and lepton number violating operators

As for the dark scalar, Lorentz invariance requires an even number of SM fermion fields.
However, the vector field index allows for alternative chiral structures compared to the
Weinberg operators [3-5]. Specifically, keeping only operators of leading dimensions,

MUY, = L HLODLH x V¥ + LHICLD,H x VF 1 S HICLH x Vv

A3 A A
+ EHLC owLH x V™ + h.c., (4.26a)
I I
V. VV _ y
Hap——ar = A3 v A3 v Q xVF+he, (4.26b)

1 I II

V,VV l,a
HAB AL: JgXV+A4J XVVM+A4

where the tensor b, stands for g,, or o,,, the set a = QQQL,QQUE, DUUE, DUQL
denotes the gauge-singlet combinations of fields of the Weinberg operators [3-5], the cor-

JI X Vi + hec. (4.26¢)

responding currents are defined as

Japop = A°Bx C°D , (4.27a)
T eop = ACDIB x CCD, ACB x CCDFD, ACDHB x CCD (4.27b)
Jhsop = A" B x C°D, A°B x C%s"' D, A°y"B x CY4"D, (4.27¢)

and where the SU(2)y, triplet contraction for the QQQL current is understood. Note also
that cllI is antisymmetric in flavor space, cg is symmetric, while 0{72 have no particular sym-
metry, though one of them is redundant when flavor-diagonal. For the tensor current, which
of the three Dirac structures does exist depends on the chiralities of the fermions involved
(and may require reordering the fields using Fierz identities). The only other possible
vector current is J* ey, Put it vanishes upon Fierzing due to the antisymmetric SU(2)r,
contraction of the two lepton doublets and thus requires two more Higgs fields. The su-
perscripts I and II refer to the scenarios discussed previously, i.e. separates those operators
which explicitly break a dark gauge invariance associated with V' from those which do not.
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All these interactions have high dimensions, especially compared to the renormalizable
couplings to SM particles of eqs. (4.1) and (4.16). Phenomenologically, they may be rel-
evant only when A is not too large, which requires the absence of direct FCNC couplings
with V, see figures 4 and 5. At the same time, the AB = +£A/L interactions can induce
nucleon decay when my < m,, (note that AB = —AL interactions contain at least two
d quarks and do not contribute to p* decay at the leading electroweak order), and thus
require either the scale A to be extremely high, or the Wilson coefficients to have highly
non-generic flavor structures [31-33].

A scenario with mp > my > m, is interesting since astrophysical, leptonic, and
nucleon decay bounds are essentially circumvented. In that case, rare B decays into an
odd number of baryons (together with an invisible V') may offer the best windows for the
AB = AL interactions. Note, though, that if these interactions occur concurrently to
those of eq. (4.1), (4.7), or (4.16), the V may occur as an intermediate state, bringing back
the tight proton decay constraints. It remains to be seen whether in that case, signals in B
decays are nevertheless possible. Such virtual exchanges are beyond our scope, since in the
present work, we require the dark particle to be sufficiently long-lived to escape as missing
energy in rare decays.

Finally, as for the dark scalar scenario, the AL = 2 interactions can produce three-
body invisible vrvpV final states, but are not particularly interesting for FCNC decays.
Indeed, they are unable to induce quark flavor transitions, and the FCNC decays would
thus proceed through an extremely suppressed hadronic Higgs penguin.

5 Invisible spin-3/2 fermion

Spin-3/2 particles are described by Rarita-Schwinger fields, denoted ¥,,, which transform
as spinors with a vector index under the Lorentz group. The corresponding Lagrangian
kinetic term can be written as [107]

1 — 1
Ckin = _iﬁuypgqj#’)/&')%/aqua - Zm\I/\I/M[FVM?’YV]\PV . (5'1)

In addition, these fields are also subject to the conditions @ = 0 (spin-3/2 projection),
(i@ — my)¥#* = 0 (Dirac equation), and 9, ¥* = 0 (Lorenz condition). For external states,
the spin summation is performed as [107]

S = s 1 o Pap
I(p)w = Z u(p)pu(p), = —=(b+mw)(Pu — 5 PupPo"77) s Pap = gap — i (5.2)

5 -
spin 3 My
The sum over spin for v(p);, spinors is given by —II(—p).-

We distinguish the possible operators for the pair-production of these fields by their
Lorenz structures, which can be scalar, vector, or tensor-like (even though eq. (5.1) is
written down for a Majorana field, ¥ will be taken as complex from now on). Taking into
account the above-stated conditions reduces the possible leading operators to

_ \% _ —p
HEY, = +C—Lcm@ X U, + —DwD X WPy, + —Qw X UPAtys W, +

A2 2D’yMD x U° YW,

A

CLHTDquf U, + S

+ 45 A5 HTDQ X U'ys 0, + HQD x W, + —RHQD X U'ys W,
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T T T
+ LS B Do, @ x THw) 4 %HTDUWQ X Ty 0+ LL T Doy, Q x U0t P

A3 A3
ek = — ch = — ch = —
+ A%SHQUWD x Uyt 4 %HQUWD x Ulys w4 %HQUWD X U,0" WP (5.3)

where WHTWY) = {(WHTTY — UVTUH) /2. Only the leading operators of each kind are kept;
operators with additional derivatives are systematically discarded. For the vectorial cou-
plings, the operators involving suup"ﬁy’yp\ﬂg and " p"@l/yg,’yplllg have been reduced to the
others using the Chisholm identity. Finally, tensor structures are similarly reduced using
the Chisholm identity together with o,,e"?” = —2i0”?~s, which in particular permits to
get rid of the e*¥? pﬁg%\llp and 0" ol ~y5W, structures.

The effective couplings of dimensions up to six involving gauge or Higgs fields are easy
to construct from those in eq. (2.4),

S P
T u TH u TH
H; :+THTH><\II \IIH+XHTH><\I/ Y50,

int

S o P _ L _
+ By X Tlhgr) 4 By x Tl w4 By % W0t 0P
CS~ ~ _ CI3 ~ — CT: ~ —
+ KBBW x Ulhgr) 4 XBBW x Wy wtl 4 XBBW, X W, WP
4 A
Syerd — <> —
+ %z’HT D H x Um0, + %z’HT D H x Uty (5.4)

After the electroweak symmetry breaking, the situation is similar as for spin 1/2 fields.
The dimension-five operators in the first line generate a correction to the ¥ mass (upon
enforcing the @ = 0 constraint), those in the second, third, and fourth line couple ¥ to
the photon and to the Z boson. Note, though, that ¥ does not become millicharged in
the usual sense, as these effective operators do not match those derived from the minimal

substitution principle (which, in any case, is not consistent for spin 3/2 particles [108-111]).

The last class is made of operators involving a single W field. As for the spin-1/2 case,
Lorentz invariance requires an odd number of SM fermion fields, so these operators break
either baryon or lepton number:

AL AL AL

HE g ar = ClTDﬂH x UAL + CA%BWH x Gl L 4 %Wguﬂai x Wl

AL CgA AB

L
+ %EU/LVL X E[H’YV]L + FDU’“‘VQ X E[M’YV]L + %DUILVDC X @[H’)/V]UC + h.c. .
(5.5)

Notably, compared to the spin-1/2 case (2.8), no renormalizable coupling can be con-
structed, and thanks to the extra derivative in the dimension-five operator, there is (of
course) no direct mixing between ¥ and vy, after the electroweak symmetry breaking. Phe-
nomenologically, the signatures for the AB operator would again require specific searches
in B decays, while those for the AL operators are to be found in semileptonic decays.
Note, however, that the interactions in eq. (5.5) are more difficult to access than those
for spin 1/2 invisible particles, eq. (2.8), because the tensor matrix elements vanish,
(0|dTa#u?| P+) = 0. This means that c5* does not contribute to the P+ — ¢+¥ decays,
but only enters in the P — P’/ decays for which the helicity-allowed SM contribution
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P — P'lv is large. Purely leptonic processes are only sensitive to higher-dimensional op-
erators involving covariant derivatives acting on the quark or lepton fields, for example
DD,Q x UFL. So, the AL operators do not appear promising in searching for dark spin
3/2 particles, and will not be further considered here.

Reduction and phenomenology. The non-conserved quark flavor-changing neutral
currents break the gauge symmetry appearing in the Lagrangian (5.1) when myg — 0. As
a result, the 1/myg terms in the spin sum (5.2) are not projected out, the massless limit is
singular, and we can force A up to arbitrarily high values simply by decreasing my. The
situation is analogous to that encountered for the massive vector case in section 4.1, and
may resolve itself in a fully dynamical theory in a similar way. To get physically meaningful
bounds on the scale A, there are two possible routes.

The first procedure is inspired from the supergravity setting [112], where the
spin 3/2 gravitino mass is related to the supersymmetry breaking scale as Asysy =
(\/gm\pMplaan)l/Q with Mplanck = (87rGN)_1/2. In some sense, this can be understood
as the fermionic equivalent of the constraint my ~ gvgan enforced for the vector bosons
(which would here be insufficient given the harder (my?)? singularities occurring when
there are two spin-3/2 particles in the final state). Indeed, when Agysy < Mpianck, My 18
very small and only those terms originating from the m\f singularity of the spin sum (5.2)
are relevant [107],
mg—0 2PuPy

N 3m?1,

(p) (5.6)
This projects out the +3/2 helicity states, leaving the +1/2 goldstino helicity states in a way
similar to eq. (4.4) for the massive vector boson. Specifically, the spin-3/2 operators become
equivalent, in the myg — 0 limit, to the spin-1/2 derivative operators obtained by replacing

mq;_—)O g a},ﬂ/}

v .
K 3 my

(5.7)
Given that the effective operators are at least of dimension six, there are at least two
powers of A = Mpjanec which can be eaten away by enforcing Amy — A%U gy~
The supergravity scenario is thus characterized by the rescaling Agysy =
(\/gmquplaan)l/ 2. So, even if ¥ is here not necessarily identified with a light grav-
itino [113], let us assume that
A — A*/my , (5.8)

where A may not be related to Agygy in any way but could denote some dark sector
symmetry-breaking scale. Phenomenologically, this rescaling permits to derive sensible
bounds on A from the rare P — P'UV decays, even when my < mp.

A second route would start from a basis made entirely of gauge-invariant operators, i.e.
involving the field-strength ¥, = 0,¥, — 0, ¥, and its dual ‘iJW = €upe0P V7. Though
the my — 0 limit would always be smooth, we do not perform this construction explic-
itly because with two field strengths, there are too many operators for the basis to be
useful phenomenologically. Instead, we simply remark that starting from such a basis of
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gauge-invariant operators, it must be possible to generate the Hg‘é’t operators by partial
integration and use of the EOM, exactly as for the massive vector boson.
Specifically, when only the spin-3/2 EOM is used, iy, U* = mg¥” and ~,¥" =

—mygy; WY, an extra factor m?l, /A? is generated. For example,

R — EA —

FH DY Q x Wopy Wy, %HTDVOV”Q < T, 0, | (5.92)
1 - — m - —
TN X T W g, e TG Q X Tyt (5.9b)

This is analogous to the reduction (4.9) for the vector boson. By contrast, whenever the
reduction involves the quark field EOM (3.2), the gauge invariance ends up hidden in rela-

Ty

tionships among the ¢; of H, ;.

exactly like in eq. (4.10). The resulting operators are then
suppressed either by the light quark masses, or by derivatives acting on the quark fields.

Enforcing some cancellations among the operators is incompatible with our procedure
of turning on one operator at a time. So, we consider only the situation where the P —
POV decay rates are finite in the my — 0 limit thanks to the rescaling

m2

Cc; — Eiﬁ , (5.10)

with ¢; ~ O(1). Note that this cures the singularity (5.6). Away from the strict mg = 0
limit, the other terms of the spin sum (5.2) also contribute and tend to suppress the rates.
To derive the bounds on the scale A from the rare decays, we must impose one of the
above two prescriptions (5.8) or (5.10) to make sense of the my — 0 singularities. Com-
paring them, these rescalings appear precisely equivalent for the dimension-six operators
of Hgft For the dimension-seven operators, the gravitino-like rescaling (5.8) leads to an
additional suppression by my /A compared to (5.10), making them completely irrelevant
(remember that my is assumed smaller than my p). Thus, the bounds we quote for these

dimension-seven operators are understood to hold only for the second scenario.

As for the other types of invisible particles, we rewrite the various operators in terms
of currents of definite C' and P by introducing the fourteen complex couplings (for each
s — d, b — s, and b — d operators)
nxex

2

v en ey

v Cpxtex
A2

(X=8,P), fTX,TX:A# (X=8,PT).
(5.11)
The rates and differential rates are in appendix A.6 (B.6) for K (B) decays, and
the corresponding bounds are shown in tables 3 and 4. As these numbers show, the

(X=V,A), fxsxp=

fxvxa=

rescaling prescription pushes the dimensionality of the operators to eight or nine. For such
dimensions, the accessible scales A are at or even below the electroweak scale, as expected
from eq. (1.1) and table 1, and the viability of the SU(2); ® U(1)y effective operator
formalism becomes questionable. Said differently, if the scale A is above the electroweak
scale, the presence of a dark spin 3/2 fermion should have no impact on rare FCNC decays.

6 Conclusions

In this paper, we presented a complete basis of SU(3)c®SU(2),®U(1)y invariant operators
involving SM fields together with a yet undiscovered light invisible spin 0, 1/2, 1, or 3/2
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Hmar Dim | Hint Dim | Has,ac Dim

12 e - - ) (2.8) 6 (4)
Y | (1) 6 2.4 5 (>8)

. é: | (3.0) ? ? (3.8) 7 (7)
pp: | (34) 6 4 8 (7)

Direct, V: | (4.1) 4 1 7 (7)

1 VV: | (45) 6 @16 © | (a2 ° 9
Gauge, V: | (4.7) 6 4 8 (7)

VvV | (48) 8 6 10 (9)

3/2 U - - ) (5.5) 6 (5)
oU: | (53) 6 | (54) 5 (>8)

Table 8. References in the text for the various pieces of the basis of effective operators. Dimensions
are denoted with a bar when the leading operator involves a Higgs field reducible to its vacuum
expectation value after the electroweak symmetry breaking. In the last column, the dimensions
are indicated for AB operators, irrespective of their AL components, while the dimensions in
parenthesis are those of the purely AL operators. For dark vector fields, we distinguish between
direct couplings, for which the my — 0 limit is formally divergent, from those where a dark
gauge invariance effectively survives (even though full invariance is not imposed, since we allow for
my > 0). Finally, the dimensions of the operators involving spin 3/2 fields increase when ensuring
a sensible my — 0 limit, see eqgs. (5.8) and (5.10).

state, neutral under the SM gauge group. As summarized in table 8, the operators are
organized into three classes: couplings to SM fermions, couplings to SM gauge and/or Higgs
fields, and baryon/lepton number violating couplings. We retained the operators of lowest
dimensions separately for each class. As a result, most of them do not strictly qualify as
portals since they are suppressed by the NP scale A. However, it makes sense to extend this
denomination to those operators for which the experimental constraints push A far above
the electroweak scale. For example, the typical scale for a dimension-five FCNC operator
is greater than 10000 TeV (see table 1.1), while it can even be close to the Planck scale
for those inducing proton decay. For this reason, in the present paper, we systematically
investigated the FCNC operators, and derived bounds from the rare FCNC transitions.

Our results can be split into two parts: those concerning the basis of operators itself,
and those related to its phenomenological impact on the rare decays. Starting with the
basis, some of the main features are:

1. First and foremost, it must be stressed that even though we concentrated on the
rare K and B decays involving missing energy to derive bounds on the operators,
our basis is completely general and could be used equally well to investigate signals
e.g. in lepton flavor violating transitions, flavor-blind quark or lepton observables,
or at high energy colliders (see e.g. ref. [97]).

2. For all spins, there is in the basis an operator involving only the SM Higgs field cou-
pled to the dark state. Though specific models may not generate such operators, their
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presence would have two consequences. First, in general, the invisible state can no
longer be naturally massless, though it can be very light, since a mass shift arises after
the electroweak symmetry breaking. Second, the NP scale should always be greater
than the electroweak scale, A > v ~ 246 GeV, otherwise these corrections grow
unchecked as powers of HTH are inserted (this is actually true for all our effective op-
erators). It should be noted though that for spin 1 and spin 3/2 particles, enforcing a
dark gauge invariance on the couplings to SM fields explicitly forbids such mass terms.

. The contribution to FCNC transitions of the flavor-blind operators, i.e. either those
involving SM gauge and/or Higgs fields or those involving SM fermion fields of
the same flavor, has been clarified. Specifically, for scales A much higher than the
electroweak scale, we pointed out that it is always advantageous to dress flavor-blind
operators at the low scale with a W exchange (see table 2). Indeed, such a low-scale
GIM breaking does not necessitate additional Higgs tadpoles, which would each
bring in a 1/A suppression.

. For spin 1 and 3/2 dark particles, special care was devoted to maintaining a sensible
massless limit, or at least to interpret the seemingly divergent limit. Indeed, the
flavor-changing neutral currents are not conserved in general, so that the 1 /m%/
(1/m%) term of the polarization (spin) sum is not projected out in physical observ-
ables. This is particularly relevant for massive vector states, for which renormalizable
couplings to non-conserved quark currents can be constructed. Several mechanisms
were discussed, and the corresponding NP scales derived from experimental bounds
on the rare decay branching ratios were compared. As shown in figures 4 and 5,
these scales strongly depend on the assumed dark sector dynamics.

. All the leading operators producing a single dark fermion, whether of spin 1/2 or
3/2, violate either baryon (B) or lepton (£) number, but not both simultaneously,
and have dimensions smaller or equal to that of the FCNC operators. By contrast,
most of the AB and AL violating operators involving a dark vector or scalar particle
directly derive from the dimension-six AB = AL = 1 Weinberg operators, or from
the dimension-five AL = 2 operator. The former are negligible when they induce
proton decay, i.e. when mgy < my, but could induce exotic B decays into an odd
number of baryons plus missing energy when mpg > mgy > my, since then proton
decay is kinematically forbidden. The latter AL = 2 operators do not induce the
quark flavor transitions, hence have a negligible impact on rare decays.

. To implement the SU(2);, ® U(1)y invariance, the FCNC operators are constructed
in terms of the SM chiral fermions. Though theoretically sound, and particularly
convenient to implement the MFV flavor restrictions, such a basis is not convenient
phenomenologically because many of these operators interfere in physical observ-
ables. So, our bounds are always derived using the alternative basis of operators
obtained by projecting on currents of definite C' and P. This minimizes interference
terms, since in most cases these currents produce different final states.
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7.

Although many examples of NP models involving new light states were mentioned,
no attempt was made to precisely match them onto our basis of operators. Indeed,
this would require dwelling into the detailed dynamics and parameters of each
model, and would bring us too far from our main objectives, which were to construct
the most general basis and constrain its operators from rare FCNC decays.

Concerning the rare FCNC decays of the K and B mesons, let us remind that provided

the non-standard light states are neutral and sufficiently long-lived, they would show up

as missing energy. Those modes cannot be experimentally distinguished from the SM

processes producing a neutrino pair in the final state. However, these SM processes are

very suppressed, and thus in principle, the rare decays could permit to identify even tiny NP

effects. The main outcomes of our detailed phenomenological analysis of such effects are:

8.

10.

First, we stressed the importance of including the correct kinematical dependences for
probing NP operators. This is crucial because experimentally, the rare decay modes
with missing energy do not allow for a complete kinematical reconstruction, and re-
quire aggressive background suppressions. In practice, most experimental analyses
implicitly assume at various stages that the differential rates have the shapes pre-
dicted by the SM, and this seeps through down to the final bounds on the branching
ratios. Note, importantly, that these dependences are not always accounted for by
simply enforcing the various experimental kinematical cuts. For these reasons, the
specific kinematical dependences of each NP effect may have to be implemented by
the experimentalists (those are detailed in appendix A for K decays, and appendix B
for B decays). This provision has to be kept in mind when interpreting our bounds.

In the K sector, the sensitivities of the K; — X, K — nX, K — ~X, and
K — mrX channels were compared, see tables 3 and 5, with X a single or a pair
of dark particles. The two-body K — X mode turns out to be the most sensitive,
though for a very limited number of operators, but it is also the most difficult to deal
with experimentally. At the other extreme, the K — 77X channels are sensitive to
nearly all possible operators, but do not appear competitive given their phase-space
and chiral suppressions. This leaves the K — 7X and K; — X channels, whose
sensitivities to NP operators are in general comparable. Still, it should be noted that
the latter, not yet considered experimentally, has some advantages. First, its SM
contribution K — yvi is at the 107!3 level (see appendix A.3.1), and thus cannot
obscure even a tiny NP contribution. Second, for massive flavor-blind dark vector
bosons or for millicharged fermions, as derived e.g. from a dark U(1) kinetically mixed
with U(1)y [58], the K, — vX mode is significantly superior to K — 7©X, whose
relevant matrix elements vanish at leading order in Chiral Perturbation Theory.

In the B sector, the sensitivities of the B g — X, B — (K, K*)X, and B — (7, p)X
decay channels were compared, see tables 4 and 6. As for K, the fully invisible decays
are both the most sensitive and the most difficult to probe experimentally. The main
new feature compared to the K sector, besides an extended kinematical range allowed
for mx, is that the modes with two light mesons in the final states can resonate, so
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11.

12.

that B — K*X, and B — pX are competitive. This is particularly interesting since
these modes are sensitive to all the quark currents but the scalar bs and bd. It should
be said also that the present sensitivity of b — s and b — d decays, in terms of NP
scales, is very similar. So, if the NP operators do not follow an MFV-like scaling, a
small NP effect could be easier to identify in the latter.

The relative sensitivity of K and B decays was also compared. As expected, if
the flavor structures of the NP operators involving X are generic, K decays are
far more sensitive than B decays. However, it is well-known that in the visible
sector, generic NP flavor structures are at odds with current experimental constraints.
If MFV is imposed on both the visible and dark sector operators, the constraints
from B decays become often tighter than from K decays (see figure 3), especially
for chirality flipping currents ¢’(1,vs,0"")q”, relatively suppressed by m/my, and
for low-dimensional operators. Indeed, the impact of MFV on the scale A for an
operator of dimension n decreases as n increases, since it is approximatively given
by Ayrv/A =~ (ViVi)Y™=4 for the d/ — d transitions, and with the CKM
coefficients given in eq. (1.6). Note, however, that n cannot be too large, since rare
decay constraints give A < v when n 2 8, see table (1). In other words, for A = v,
the impact of such operators on the rare decays is beyond reach.

The AB and AL operators have low dimensions only for X = or . The AB =1
operators can only be probed with specific searches in B decays involving an odd
number of baryons plus missing energy in the final state, and should certainly
be included in future experimental programs. For the AL = 1 effects, the low-
dimensional operators are accessible only for X = ), which contribute to P™ — ¢4
(P = K, D, B), and would thus apparently enhance the purely leptonic transitions
PT — ¢Tv. If the flavor structure of these NP operators is non-universal, this could
resolve the persistent discrepancy in B — 7v while remaining consistent with the
B — (e,pn)v bounds, as well as, if my < mpg, with the tight lepton universality
constraint derived from Ky decays, see eq. (2.10).

In conclusion, the presence of a light invisible state weakly coupled to SM particles

is not only far from excluded, but is even compelling in many NP models. To find such

states, a host of experimental facilities currently available or in planning are called in,

from high-intensity meson and lepton factories to high energy colliders, neutrino detectors,

earth or space-based direct or indirect dark matter searches, high intensity lasers,...In

this big picture, the very rare FCNC decays of the K and B mesons, with their unique

sensitivities and kinematical ranges, could play a crucial role in the very near future

thanks to the leap in luminosity expected at the next generation of experiments, namely
NA62 at CERN and KOTO at J-Parc dedicated to these K decays, and Super-B in Italy
and Belle IT at KEK aiming for the B decays.
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A Differential rates for K decays

A.1 Experimental observables in rare K decays

Let us start by reviewing the kinematics and current experimental limits for the various K
decays induced by neutral currents and involving missing energy.

K — w4+ missing energy. When the missing energy consists of two invisible particles,
the differential rate depends only on the invariant mass of these particles, z = q2 / m%(, or
equivalently, on the pion momentum Py, = |px|/mx = VA/2, with A = A(1, z,72) defined
in eq. (A.30), rr = m,;/myg. The phase-space integral is then

(1-r=)*  4r (1-r3)/2 9P dP, dI
Toxx — / d: L = / CLEy, @A
4 A

dz 1/2(1,4r%, 12)/2 4 /r2 + P2 dz

i5's

with rx = mx/m}(.

In the SM, the only available invisible particles are the neutrinos. The SM spectrum
for Kt — ntvo and K; — 700 then derives entirely from the vector current matrix
element (m|sy*d|K), and involves the corresponding form-factor (see eq. (A.16) in the
next section) slopes X/, and X/ :

(1—ry)? K7r (2) 2 (1—r7)? 5 22\ 2
_ 3/2 _ 3/2 / "

Tus= [ dax S = [ (1+>\+T2 )\+24> (A2)
where ¢ = +,0. Translated in terms of the pion momentum, i.e. using
2(Pp) =1+172 —2,/r2 + P2, this becomes

(1-12)/2 16P* 2(Py) 2(P)2\?
Pt = / dPr——L— <1 + X + N} ) . A3
g 0 \/T% + P% * Tﬂ' " 2r 4 ( )

The slopes X, and X[ are conventionally normalized by the charged pion mass, and are
equal for the K+ and K° decays to an excellent approximation (see ref. [114]). They are
extracted from K3 decays as

Ny =7y (24.82£1.10)- 107, N =7\ (1.64 £0.44) - 1073 | r, = 0.990(5) ,  (A.4)

with 7\ a rescaling factor accounting for the K** — K* mass difference. These (highly
correlated) errors are negligible compared to the experimental and theoretical errors on
the integrated rate, and are neglected in table 9.
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Currently, only the charged decay has been observed at Brookhaven [115, 116], in
two momentum windows separated by the KT — 779 peak, and with the lower end
corresponding to the K — 7rm threshold (see table 9 and figure 6). The proposed charged
K experiment at J-Parc would use the region above the K+ — 770 peak [117], while
the two windows planned at NA62 [118] and proposed at Fermilab [119] are similar. Note
that these experiments use very different techniques (stopped vs. in flight), but in both
cases, the momentum of the initial and final charged particles are in principle accessible.
It is important to stress that not only the combination of the measurements done for each
specific window (see table 9) assumes the SM spectrum, but also that within each window.

For the neutral mode, the Kg — 7%v7 mode is CP-conserving but difficult to access

given the very short Kg lifetime, so we concentrates on the CP-violating K — 7w

mode. The best limit [120]
B(Kp — n'vp) < 2.6-1078, (A.5)

was obtained by the E391a experiment at KEK, and will be further improved using the
same techniques at J-Parc [117]. In these experiments, the K momentum is not fixed.
So, the high hermeticity of the detector is essential to ensure sufficient suppression of
the backgrounds. Though less effective in this case, kinematical cuts are still useful. In
particular, the transverse momentum Pr of the reconstructed ¥ is required to be large,
between 120 and 240 MeV. This does not cut away the background from K7 — 7%7°, but
rather ensures that the two extra photons have high momentum, and are thus difficult to
miss. Since the momentum spectrum of the 7° cannot be directly measured at KEK or
J-Parc, and since the SM decay spectrum is implicitly assumed in the analysis, it is far
from immediate to translate the current limit (A.5) into bounds on non-standard currents
involving other types of invisible particles.

So, for both the charged and neutral modes, it is not currently possible to deconvolute
the SM spectrum from the experimental numbers. To proceed and derive the bounds
quoted in the text, we require that the predicted branching ratio for the production of new
invisible states does not exceed 1071% when integrated over the momentum windows of the
charged mode. This is a rather loose approach, which could significantly underestimate the
experimental reach in case the spectrum is very different than the SM one. To illustrate
this, note that the bounds for two-body decays are already slightly tighter [121],

B(K* - ntX% <0.73-1071 (mx = 0) . (A.6)

To improve our naive bounds, either the specific modulations of the spectrum in the
presence of NP have to be included throughout the experimental analysis,® or the true
momentum spectrum must be measured (maybe using TOF techniques for the neutral
mode [119]). Finally, independently of the NP spectrum, it should be noted that the
sensitivity to the K — mX(X) processes is ultimately bounded at around 10~'2 by the
theoretical error on the SM predictions for the K — wvv branching ratios.

8Brookhaven extracted bounds for purely vector (SM), scalar, or tensor currents, but not for a combi-
nation of the SM plus non-standard interactions. Since we cannot turn off the SM rate, this is not directly
useful for our purpose.
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|px| (MeV) z T, )Tt SM Extrapolated total

[211, 229 ] [0.000, 0.062] 27.6%  0.228(18) 147153

[140, 195 ] [0.116, 0.289]  39.7%  0.328(25) 7.8972%
Combined (Total BR) — 0.825(64) 1737142

Table 9. Experimental measurement of K+ — 77v and SM prediction within each momentum
window [115, 116], in units of 10710,

g
S 8 ™
I 8 = —
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=] o
. - 3
S & 2
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S‘zﬁoée\ E787- E949|cvents
0 0.05 0.1 0.15 02
[Pr| (GeV)

Figure 6. The experimental windows in 77 momentum used for controlling backgrounds in the
K+ — 7tvi measurements, with the seven events seen at Brookhaven. The SM spectrum corre-
sponds to a vector coupling 5v,d x vry*vr, and is implicitly implied in computing the branching
ratios from the events.

K — mmw+ missing energy. The phase-space integration for the K — 7(K7)m(K2)X(q)

(1—-rx)? dr
Torx = dy — | A.
X /41”7% Y dy (A7)

decays is

with y = (K + K2)?/m?% the invariant mass of the pion pair. Compared to K — 7X,
these modes are suppressed by the smaller hadronic matrix elements and by phase-space.
Further, the kinematical range is much reduced. Currently, the best limits are (see the
respective papers for different mx values)

B(K'T = nt79X%) < 41070 [mx = 50 MeV] [122], (A.8a)
B(Kp — n°7°X°%) < 7-1077 [mx = 50 MeV] [123], (A.8b)

and are thus very far from eq. (A.6). Note that the hadronic matrix elements
(nt70sTd|K ), (m970s0d|KY), and (nt 7~ |sT'd|K°) are related in the isospin limit, see
eq. (A.29) below, so that these experimental constraints suffice to completely bound the
K — X system.

The K (P) — w(Ki)7(K3)X(p1)X(p2) decays are similarly suppressed, and the
experimental information is less precise. The phase-space integrals reduce to that over
the invariant mass of the invisible pair 72 = (p; + p2)? = zm%( and of the pion pair
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K? = (K; + K3)? = ym?2., over the range

(1-2rr)? 1-v2)? 21
j— :/ dz/ dy . (A.9)
4'r’i 4r2 dydz

Here again, the SM spectrum critically enters and the current experimental bound

B(Kt — ntn%m) < 4.3-107° [122], (A.10a)
B(Kp — n’n%vp) < 8.7-1077 [123], (A.10b)

cannot immediately be translated into bounds for invisible particles of a different type.

Though probably optimistic given the limited phase-space and complicated signatures,
we assume bounds of 107!° on each of these K — 77X and K — 77 XX modes are
achievable to derive the numbers in tables 3 and 5. In any case, if the bounds are different,
it is a simple matter to rescale the numbers accordingly. Further, using the same 10710
branching ratio bounds as for the K — 7X(X) modes permits to clearly illustrate the
reduced sensitivity of the K — m7X(X) channels.

K — <+ missing energy. Compared to K — 77X and K — 77 XX, the modes
K (P) — v(k)X(p1)X(p2) and K (P) — ~(k)X(T) are less suppressed and could offer
simpler experimental signatures. The phase-space integral for the three-body decay is

1
T
I,xx = / dz a , (A.11)
4

2
5's

with z = (p1 + p2)?/m% the invariant mass of the invisible pair. Despite their theoretical
sensitivity, there is currently no experimental limit on these modes. So, for now, we assume
that the next generation of experiments will reach B(K — vX) < 107'%. Note that with
about 10'2 —10'® K, decays, as required to measure K;, — 7w, this may be pessimistic.
Further, while the K — 7vw processes ultimately limits the sensitivity to K — 7X(X)
at a few 107'2 given the current theoretical errors, the SM rate for Kj — v is at the
10713 level, so bounds at or even below that level are in principle achievable.

Other modes with photon and missing energy will not be considered, as the
K — nm + v+ X processes are either too suppressed and difficult to access experimen-
tally when fully neutral (given the many photons from the 7’s), or superseded by the
non-radiative processes K — nm + X when some mesons are charged (since the photon of
K — nm+~+ X is essentially a bremsstrahlung radiation off the charged meson [124-126],
the amplitude for K — n7 + v+ X is actually driven by that for K — nm 4+ X [127]).

K — missing energy. The simplest decays are those where the K or Kg simply
disappear. Though difficult to probe experimentally, the simpler matrix element together
with the minimal number of final state particles strongly enhance their sensitivity to NP
effects. In the case of the 7 — X X process, the best bound is [128]

B(r® - XX) <0.27-107° . (A.12)
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But this measurement is actually a by-product of the study of the K+ — 7t XX decay,
since a bound on K+t — 7t XX indirectly constrains KT — 7779~ X X]. Doing the
same for K; — X X would require very tight bounds on some B or D decays with missing
energy, well beyond current capabilities (see section B.1). Alternatively, a direct bound
on K; — XX may be obtained from ¢ factories, where the other K can be tagged.
In deriving NP scales in the text, we will use B(K;, — XX) < 107! to simplify the
comparison with the other modes, but it should be kept in mind that such a bound
appears extremely challenging.

A.2 Matrix elements for K decays

In the K sector, the quark currents are represented within Chiral Perturbation Theory
(ChPT) [104]. For simplicity, only the leading chiral order is kept. Specifically, the vector
and axial-vector currents start at O(p):

_ F? _ F?
gl = 17(D“UTU)“”7 Tt ap = %T(D“UUT)‘” : (A.13)

with, at leading order, F' = F; = 92.4 MeV. Thanks to the QED gauge invariance, there is
no unknown low-energy constant in these currents. The scalar and pseudoscalar currents
start at O(pY):

I.J S S JI
qL4r =~ BoU™", dray, = —7150UT : (A.14)
with the low-energy constant By related to the quark masses,

Bi=—=(1-
T omy ( r”)ms

mg

— 4.6(8) (A.15)

with rr = ms/mr, and using ms(2GeV) = 100 + 20 MeV (so when deriving bounds on
ci/A", ¢; = ¢;(2GeV) is understood) [34]. The scalar and vector currents are related by
the EOM. Specifically, the most general matrix elements for the scalar or vector K — 7
transitions have the form (z = ¢*/m%, ¢= P — K)

(7 (K) |sd|K (P)) ~ K5 1 () | (m (K) [59"d|K (P)) ~ (P + K)" f1 (2) + (P = K)" f- ()
(A.16)

up to some simple Clebsch-Gordan coefficient. Taking the divergence of the vector cur-

ms —Mq

rent produces ¢*f_ (2) = (m% — m2) (fo(z) — f+(2)). So, at the leading chiral order,
f+0(2) =1 and f_ (2) = 0. Refinements are only needed for a precise prediction of the
SM rates, but are not numerically relevant for the bounds on the production of new invisible
states. Note that in practice, the scalar and vector currents do not need to be parametrized
as external couplings, but can be directly introduced through the ChPT source terms. Do-
ing this using the leading O(p?) Lagrangian reproduces eq. (A.13) and eq. (A.14). We do
not consider the next-to-leading O(p*) meson loops and local terms, except for the odd-
parity contact interactions obtained by introducing the vector and axial vector sources in
the O(p*) anomalous Wess-Zumino-Witten (WZW) action [104]. Indeed, owing to their op-
posite parity, these interactions drive the leading order contributions for some amplitudes.
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Finally, from Lorentz and chiral symmetry, combined with parity and charge conju-
gation (valid for the strong interactions), the most general parametrization for the tensor
current starts at O(p?), where it is given by [103]

F? JI
0o Pra’ = —i—ar (DUt DUU — DUDUUT ~ g, DU D7UDT)

F? . .
+ - ap(F, — iF U+ UNFG —iFg) " (A.17a)
2

T J F T ] i uperiv)
@0 Pra’ = —iTar (PWUDUY = DUDU + i ups DUDTU )
F? = =~
+ ?a/T(U(FML,, +iFL) + (FE +iFR)U)7T . (A.17D)
Two new low-energy constants ap and a/. occur, for which we use the Lattice estimates

(see the discussion in ref. [103])
Br(2 GeV) = 2myar = 1.21(12) [129], By(2 GeV) = 2Fdly = 0.6(2) [130] . (A.18)

Note that a more recent lattice estimate By = 0.65(2) [131] is two times smaller, and thus
suppresses the sensitivity of K decays to the tensor currents. Still, in terms of the NP
scales A given in the tables 3 and 5, the precise value of By is not that relevant at present

since these numbers are to be understood as order of magnitude estimates.
So, altogether, and defining I' = ¢g + cpys + cy " + cav!ys + crow + 075, the
matrix elements in the isospin limit and to the leading chiral order are’

V2(0|5Td|K°(P)) = 2iF, (—Bocp + Pca) | (A.19a)
CvNC

swopzs ele)

(A.19b)

4
V2(~y(k, a)|sTd|K°(P)) = —geFﬂ(aﬁch (g™ — kY g™") — ia/pere® Pk, +

VB{r (1) ST KO(P)) = —(w* (K [STdl K+ (P)
= —Bges + (P* + K")ey + 2ar (icTK[“P"] - cTa?“Vp”KpPa) . (A.19¢)

and

— (T (K, (Ky)|3Td| K (P))=M_ (K = 7)), V2(r°(K,)n°(K2)|sTd|K°(P)) =M, (K —77),

V2(rt (K7~ (K)|5Td| K (P)) = M, (K — n1) + M_ (K — 7m) (A.20a)
with
iBocp Ky -T_  icy T"K, - T ar ] Voo
M+(K—>7T7T): Fﬂ m_ﬁ i+W +FT.— (Cj«K_ﬁ T_ —ZCTEM P T,pKJrg) y
(A.21a)
iBocp K_-T_ ica TEK_-T_\ ar Worid] |

(K =— —+—— | K+ ——— —( KT nrpo K_a)

M_(K —7m) o m%(—TQJrFW( oS S +F7r cp K2 T +icre Y

ey Neer Ky KT,
1272 F3 ’

(A.21b)

9A number of sign conventions are implicitly defined by these equations. We closely follow the ChPT
conventions of [103, 104].
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where Ky = Ko+ Ky, Ty = P+ K, and Xlbyvl = Xuyv — XYYE, Terms proportional

to the number of QCD colors, Ng = 3, come from the WZW action. The m%( - 712
denominators arise from the kaon pole topologies, K — 77K followed by K° — 0 (from
eq. (A.19)). Note that M, (K — 7o) is even under Ky <> K, while M_(K — 77) is
odd, hence these amplitudes describe two-pion states with even and odd orbital angular
momentum, respectively. The 7970 state is purely even due to Bose statistics, while the
7Y state has total isospin one, hence is purely odd.

Only the tensor currents contribute to the M(K — ) amplitude at tree-level. So, it
may seem that together with the O(p*) WZW amplitude, we should include also the even-
parity meson loops along with their counterterms. However, for neutral current sources,
i.e., in terms of Gell-Mann matrices, for v, a,, s,p ~ A\g £iA7, the only allowed even-parity
K — v matrix elements vanish when the photon is on-shell

ieBy  ¢*T" —q"q-T ®(q®>,m%) — ®(¢?,m2)

(v(q,v)|575d|K°(P)) = VIE. T = ., (A.22a)
; 2TV_ Va. T & 2 2 )} 2 2
(a5l K (PY) = g gt E 0T | B i) "R me)

72V272F, T2 —m? q

(A.22b)

where T = P — ¢, and ®(¢?,m?) the loop functions occurring for K — 7y* (see e.g.
ref. [124]), defined in terms of the standard scalar one-loop integrals as

®(¢%,m?) = 3(¢> — 4m?)Bo(¢*, m*, m?) 4+ 12m2 By (0, m?, m?) — 24¢° . (A.23)

Contrary to K — my*, the FCNC matrix elements are finite since the UV divergences
cancel in the difference between the K* and 7% loop contributions, and there are no
counterterms. Though in principle, the K — ¢/~ X modes could thus offer precise
probes, their rates are far too suppressed by «, the loop factors, and the cancellation
between the K* and 7% loops. So, only K — vX will be considered here, which is thus
induced exclusively by tensor currents and O(p*) anomalous interactions.

Finally, the operator basis also includes vector and scalar currents with a covariant
derivative. Though these operators are never retained in deriving bounds on the new
physics scale in the main text, for the sake of completeness, let us nevertheless write
down the relevant chiral realizations. For the vector currents, extending the analysis of
ref. [132], we write

F? 1
qfﬁavuPquziT(auUTaaU + 0a0,UTU = 290 (XTU + UT) + avieayp,0°UT0"U) "
(A.24a)

F? 1
qIBa%PRqJ:iT(@LUﬁaUT + 04,0,UU T~ ggW(XUT +UX") — avieaus,0°U0" U

(A.24b)

AP B! =i (O U 4 U0L0,U — Lo Uty 41U e 2 08Ut
qg VvV IrLlaq =—1 1 ( o WU+ aOp 8904;1( X+ X )+avlsauﬁu ) >
(A.24c)

i P D’ = i (QuUOLUT + U8, U — L (Ut 1\ U — avien.s, 0 U8 U]
q Yut'RUQq =—1 1 ( oV Oy + alu 8gau( X'+ x ) avI€qupy ) .

(A.24d)
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Most of the terms are fixed by taking divergences and imposing the EOM, but for the
constant ay, a priori of O(1). For the scalar currents, the chiral realizations start at O(p),

F2

7 PrDaq’ = @ PpDog’ = - Bo(Dal)”", (A.25a)
F2

i PLDuq’ =G PLDuq’ = S Bo(DaU)T (A.25b)

These currents are completely fixed by imposing parity and charge conjugation, together
with
qJPL,RBan + (jJ%aPL,RqI = 0a(q’ PLrY") . (A.26)

Note, however, that the above chiral representations lead to g’ (Ba - ﬁa)PLRqJ =0
instead of (m? — m%)q. Py rg’. This is because while qf(Ba + %a)PL,RqJ is of O(p),
the difference ¢/ (Do — Do) Pr rq’ is actually of O(p®) since quark masses are O(p?). So,
terms at that order would be required to get a correct divergence.

Decay rates in the isospin limit. The strong matrix elements (A.19)-(A.21) are
derived in the isospin limit. As a result, all the differential decay rates can be reconstructed
entirely from those of the K ~ K. The contributions coming from the €K piece of the
K7, suppressed by € ~ 2 - 1073, are neglected here.

For the K — ()X modes, the Kg ~ K rates are obtained from those for K ~ Ko
by interchanging the real and imaginary parts of the couplings x = f;, gi, h;:

dl' (Ks — (v)X) _ dU (K — (v)X)
dz dz

[S(z)  R(z)] . (A.27)

The K+ — 77 X decay rates are proportional to the sum I'(Kg — 7' X) + T'(K — 7°X),
hence are obtained from I'(K; — 7°X) through the substitutions (z,y = f;, gi, hi)

dl (Ks — n°X) dl' (K — 7°X)

— - [S(z) ¢ R(2)] (A.28a)
dl (KT = 7tX) _dl (KL = 7°X) | S(2)%, R(2)® = |2, (A.28b)
dz dz S(2)S(y), R(z)R(y) — R(zy*) '

Finally, the whole set of K — 7w X decay rates can be reconstructed from the Kj; —
mTn~X rate as follows. Denoting I' (K, = ntn~X), ~ |[My(K, — 7m)|* from
egs. (A.19), (A.20), and noting that these two amplitudes do not interfere, we get

d’T' (K — n'7%X) 1 &L (Kp —»nrn X)),

dzdy 2 dzdy ’ (A-292)
d’T (K — 7t X) _ T (Kp —» ntr X)), N d’T (Kp = ntn=X)_ | (4.20b)
dzdy dzdy dzdy
PT (KT — 7tn'X) AT (K — atn= X)_ | S(2)2, R(z)? — |z,
dady B dzdy 3()3(y), R()R) = Rlzy")
(A.29¢)
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d’T (KS*)T(' WOX)_d2 (KL—)TF 7TOX)

dzdy a dzdy [S(z) < R(z)] , (A.29d)
T (Kg -7t X)  d&T (KL — 7tr X)
dzdy = dzdy [S(z) < R(z)] - (A.29¢)

In the following sections, the differential rates are given for the various scenarios adopt-
ing the notations of eq. (A.1) for K — 7XX modes, eq. (A.9) for K — mr XX modes,
eq. (A.7) for K — mnX modes, and finally, eq. (A.11) for K — vX X modes. For K — 7.X
and K — X, the total integrated rate is directly written down. Given their regular
occurrence, let us also introduce specific notations for the usual kinematical functions.
First,

Aap = A1,0,8), Aa,b,c) = a? 4+ b% + ¢ — 2(ab + ac + be) | (A.30)

with «,f standing for the reduced variable y, z, or the reduced mass r, rx (in which case
we simply denote «, 5 = 7, X). Similarly, we define

ﬁ§:1—47‘72r/y, B§:1—4T§(/27 3¢y7z21_4r752' (A.31)
A.3 Spin 1/2 invisible particles in the final states
The rate for the fully invisible decay is:

T (KL = yy) = A4 F0 {TiS(fps)? + TIR(frp)® + ToR(faa)® + TiaR(faa)R(frr)}
F2
FO 27[-7/5;0{ Il Iiﬁi? I{ = 3527 ZQ == 47“5, 112 = _4T’¢JBS . (A32)

The differential rates for the decays into a pion plus invisibles are

dar

4
= (K = m"0v) = mK DK L RS (frr)® + TR (Fag)® + BS(Fov)? + TS (frr)S(frv)

+T33(fva)® + TsR(fss)® + T5S(fsp) + T3S (fva)S(fsp)}
(A.33)

with the normalization and kinematical functions

\1/2
MmKPz
I'g = %7 Ji=B. (1+8r}/2) . T =Bwf2, Jia=3ryBriux,
)\Zﬂ' 2 3r 12Z) 2\ 2 ! 22 / z
Jo = 5 (1—}—27"1[)/2) , j2 Ti+— (1—?”7r) . T3 =T3P, T3 = §j5 )
)\z7r 3 z
Joz = —3ry B, (1-12) |, Ja= 5 37 J5 = 533 s B = ZB%)‘ZW :

(A.34)

In the massless limit, this expression simplifies a lot because the fermion helicity states
do not mix. The interference terms drop out while the parity of the current becomes
indistinguishable; J; = J/, i = 1,2, 3.
The decays K — w1 also receive contributions from all the currents:
d°T
dzdy

(Ko - ningy) = Tfo " {FAR (frr)? + FIS(Fip)? + FoS(fav)” + FroS(f77)S(fav)
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+ FoS(faa)” + FsR(frs) + FiS(frp)® + FasS(frr)S(fan)
+FR(frv)? + FR (fva)® + ForR (frr) R (fvv)}, (A.35)

— (K — 7r+7r_1/_)1,b)+ = i —ETGT{FiS(frs)® + FaR(frp)® + FiR(faa)® + FusR(faa)R(frp)

A
+FsR(fav)? + FeS(frr)’ + FeR(fip)° + FseR(fpr)R(fav)} ,
(A.36)

with the normalization and kinematical functions

AL/2
Yiwiy m A z A z
Py = TR g gy ey gy, — g2 4 ),

3072m5 F2 12 12
Fi= BT M1+ 8T¢/Z) (87”3[;/25))\6) , Fa5 = Ao5(1 + 27“124,/2) fé,5 = féls + ﬁ&m, -7‘—5/,5 = )\2,555 )
Foa=Fiuft, Fru= 2P Fia= sXaaB?, Fo= B2V | 7y = B ZA“( 1483 /2)
Fr=Ff (142r}/z), Fr=F7B2 , Ff = i)\GA%/[/ZW7 f27 = —ryBrAsAwzw ,
Fiz = %”BTﬁj (A= +12y(1 — ), Fasas = —TypAs.aBs, Fos = gm,BT)\yz . Awzw = ]g;"é . (A37)
Again, the interference terms drop out and F, = F;, i = 1,...,6, when my, — 0.

The rate K — ¢ is driven either by the anomalous vertices at O(p*) for vector
currents, or directly by the tensor currents, and has the differential rate

dr
P (Kp—ydy) = Afffw {G1(S(f57) 2 +R(frr)?) +GR(fvv)R(frr) +GsR(fva)*+GaR(fvv)?}
. 1— 3 B/2 ,
= aw;#, Gi = =L (14273 /2), G2 = 3ryBr Ay,
N,
g, — AL Ga= (1427 )AL, Ay, = s%;f : (A.38)

where N¢ is the number of QCD colors. The O(p*) loops and normal-parity counterterms
cancel out for the (axial-)vector and (pseudo-)scalar currents when the photon is on-shell,
see eq. (A.22).

A.3.1 Standard Model rates

The standard model rates are recovered by setting all the coefficients to zero but for

i _ A4Gpa (My) Yy

A2 \/§ 2w sin2 HW
Numerically, X; = 1.465(16) [133], P. = 0.372(15) [134-136], 6P, = 0.04(2) [137] (with
A = 0.2255), so that for each £ = e, p, T

;Y = (RO +iS(A) X + [ Vas| ROAe) Pue . (A.39)

y, = 2msin® Oy x [4.84(22) — i1.359(96)] x 107 . (A.40)
The full set of differential rates is, in the isospin limit,
I'Kp —-vr)=0, (A.41a)

T (KL — 71'01/9) =T,; X /dz)\fr/f X i}(y,,)2 , (A.41Db)
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3/2
Bw yémK

I'(Kp— 7r+7r_1/17)+ =T, x /dzdy 612 F2 x R(y,)?, (A.4lc)
_ ﬂ?’/\l/2 2 Y2y .mi N2
I (KL—>’]T+7T VV)_ = Fljl—, X/dzd W %(y ) ()\ + 12yz) + ?R(yu) 7;7[_74}[;4 s
(A.41d)
(1—
T (Kp, — i) = VVXL/d amﬂ%ngz) X R(y)? (A.4le)

where I',; = G%a (My)? m3 /(2567 sin? Oy ), and the ranges for the phase-space integrals
are given in egs. (A.1), (A.9), (A.11). Note that K — ~yvv is purely CP-conserving because

the parity even matrix element vanishes at O(p*), see eq. (A.22).
The corresponding branching ratios are

B(KL—nvp) =23x10"",  B(K' = 7twr)=76-10""", (A.42a)
B(KL —>7r+7rfl/ﬁ) = 1~107137 B(KL —>7r07701/17) :6-10714, l’)’(KJr —>7T+7701/ﬁ) —=5.1071° ,
(A.42D)
B(Kr — yvv) = 3.4 x 10713, B(KL —)6+67V17) =2.107"5, B(KL —>u+,ufz/17) =7.1071%.
(A.42c)

Adopting the usual chiral counting, the typical error on these LO estimates is expected
to be of about 30% at the amplitude level. Note, in this respect, that the K — 7vv rates
given above are just indicative, as higher order corrections as well as isospin-breaking
effects are known and more precise estimates have been obtained [114]. For K — 7©mvw,
the anomalous term gives negligible percent level contributions, so that $(y,) < R(y,)
implies B (K, — nta~v) ~ 2B (K, — n°7%w) > B(K+ — 777%0), in fair agreement
with ref. [138-140]. For K; — ~vv, previous estimates incorrectly rely on Ky, for the
matrix elements [141-144], hence included a parity-even contribution in contradiction with
eq. (A.22). Numerically, this is however without consequences since these contributions
are CP-violating hence subleading for the rate. Finally, the rates for K; — ¢T¢~vi are
dominated by the Dalitz emission from the purely anomalous Kj — yvv. The rates from
the even-parity contributions arising from the matrix elements eq. (A.22) are in the 10~
range. Note that we did not consider the tree-level process K — WTW ™ [— (T0 v,
which may actually be competitive given these strong suppressions. In any case, these
rates are far too small to be accessible any time soon.

A.4 Spin 0 invisible particles in the final states
The rates for the production of a single invisible scalar from the HT(DQ)¢ operator of
eq. (3.1) are

_ T _
I (K — %) = §B#R(9s)? d%(331—>ﬂ+ﬂ_¢)“Fgﬂ?hgﬁgpy,
d i (A.43)
I'(Kp —v¢) =0, o (K — ntan¢), =T7" HaS(gp)?,

with

) )\1/2m . )\1/2m 2 )\

160 % 7 102473F2’

— 50 —



The matrix element (y|5d|K}) occurring for K — ¢ vanishes at O(p*). The rates

corresponding to the derivative couplings (5v,d)0"¢ and (5v,75d)0*¢ are obtained
through the replacement (3.3), i.e

1—r2 1
gS,P%—iQMA@ with ms — mg = B: %and ms+md—§%. (A.45)

Note that if simultaneously present, the gs p and gy 4 currents obviously interfere.
The differential rates for two-scalar final states can be written in terms of the
same kinematical functions as for fermionic final states, but for the obvious replacement

my — mg everywhere. They are significantly simpler though, because the angular
momentum of the two-scalar states is purely orbital. Specifically,

7 FO ! Cx 2m%(
I' (KL — ¢¢) = ?II‘Y(QPS) a2

dr Iy m m7

. (K — %) = e {j4%(gvv)2§ + j5§FE(gss)2AI2(} )
d2F 3 o 4 4 2
et~ whn0) = 5 LA a0 + R P+ FRgn |
d’T - rg" mi 53
ey (K5 7 60) = 0 {mmoa P+ 719 0ns P |

dr ry

- (K1 = 70¢) = -2 %(gvvf—Aff : (A.46)

with the kinematical quantities defined in eqs. (A.32), (A.34), (A.37), (A.38). Note that
if » = ¢, Bose statistics has to be enforced and these rates should be divided by two.

A.5 Spin 1 invisible particles in the final states

From the single dark vector production from the operators of HY.[I] and HY ., [I1],
egs. (4.1) and (4.7), we find

2
Kp — 71V ri =1z ’\V” S(ev)?, ri FOBT)\VWF\Y(fT) ;
V
K, =~V : ri =17 A2 R(ev)?, ril = fg%Bﬁ {R(fr)* +S(f7)°}
art art m2
Ky —ntr VvV a =I5 (HaS(ea)* +HaR(ev)?) s —— —Fg”—{H fr)?+HES(f7)%}
art ar't!! m2
ng =I5 7‘[1%(514)2 ) T; = I‘0 T§H3 (ff)Q )
(A.47)
with the definitions in eq. (A.44) together with
- 2amp (1 —r2)3 A vy + 12yr? B
Fg = K(g V) ) Hll = ‘;y ’ H/Z - 5; - 2 L4 ) H?) _)\Vy yAWZW7
T 3 6
(A.48)
n_ 89 2 v _ BF Hy 1 2 2 " 2.2
Hi =g BryAvyfy , Hy = -~ By =2 — 7 +1285y(1—y)* ) , Hi = BiriAvy -
(A.49)
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Note that the 75 term is finite when 7 — 0 since it is induced by the WZW anomaly,
while by construction, all the '™ are finite in that limit. For the two-vector modes induced

by the scalar and pseudoscalar couplings of H.V,[I1], the rates are

6
_ m
T (K = VV) = 400K AT (R(hpp) + S(hps)’) + 6 TiS(hps)*}

dP[H] _ 6
- (K — 7VV) = 4FW% {2T3(R(hss)? + S(hsp)?) + 3ry TsR(hss)?}
d2F[H] R P4 ¥ T K 2 4 1 2
Goqy (Ko =7 V)= ATET G (RS () + Rilps)?) + 3ry F{R(hps))}
dQF[m R VA ¥ o TV 2 2 4 1 2
d=dy (KL — 7T VV) =4I {Z}-4 (hpp)” + SS(hps)”) + 3ry Fi S(hps) } )

(A.50)

and the kinematical quantities defined in eqgs. (A.32), (A.34), (A.37), (A.38) but for
my, — my everywhere. The matrix element (7y|5d|K}) occurring for Kj, — V'V vanishes
at O(p*). Note that if the vector field is real, V = V, then these rates have to be divided
by two to account for Bose statistics.

A.6 Spin 3/2 invisible particles in the final states

Introducing the short-hands Ry = R(fx), Sx = S(fx), B, = (58} — 682 +9)/18, and
B! = (98 — 6% + 5)/18, the rate for K, — WV is:

4

— m
T (KL — \IJ‘IJ) Afff‘o (1'53%35 —I—Ip%?gp +IA%,24A +IPA§RAA%PP) ,
T = Ilﬁg, Ip = I{ﬁ&}, Ty = IQB{D , Ipa = 112,3&) , (A.51)

where Ty, Z1, 7}, Zo, and T2 are defined in eq. (A.32). The differential rate for the decay
into a pion plus invisibles is

dr — mj P
o (K= r"0W) = “HETG ] {JS%%S+jp9%2TP+stQTT+jg%2TS+jT&e2TT+Jp%2TP

(A.52)
— TIpiRrpRig + TppSTrSip + TpiRrpRir + TsrST5STT
— TsiRpgRir + Svv(TvrStr + FvsSts + Ty pSip)

+TssRes + TspSep + TvSTy + TaSta + TarSvaSsp !,
(A.53)

with the normalization and kinematical functions

, B2 5 / 3 , 1 10 ;o
JS—.ﬂﬂ (HW),Jp:{;(HW>,JT=7162—5,6JP,JS m”’ <1+ T¢>,Jf:J1ﬁz,

512 2r ,8r7 Ty A —IOTQ
JP:Btzij (1+w> Jps*jl - JTP4JP7‘7PT‘71< 1/> Tz =i ¢< Zw)7

2

2 8
Tsr = ATs, Tss = JaBl Tsp = B, Tv = Tofl — %)\m(i%—ﬁf),JA = Jéﬂé—%ﬂ,ﬂp = 128,
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4 4 2 2r;,  6ry, 4 14r7  38ry,
Jvs = ﬁjlgﬂw,jvp = ﬁjm (1 + — + = yJvr = §j12 1 32 + 3.2 | (A.54)

in addition to those in eq. (A.34). The mode with a single photon with missing energy is

dr — ¥ 2
< (Ku—700) = ZET3-Z {Gs(Rhs + ) + Gr(Shp + Rep) + Gr(Rr +S5)
P

dz AL O
+ Gsp(RrpR75+S75S7P)+Gsr (RrpRrr +S4 pS50) +Gpr (R pRer +S1pS07)
+GvRYv + GaRy 4 — Rvv (GvrRer + GvpRip + GvsRrs)} (A.55)

with the definitions in eq. (A.38) together with

B2 2614 4078 B2 472 ord 4 4r2 1014
Gs=—-L|1- LN , Gp =L 1+ 2= , Or = -G1 -ty )
2 23 z 22 z 2

36 z 36 9 z
B2 2r2 B2 1074 B2 1474 8r2
Gsp=—-Lp2"Y Gsp="TLp2 (1 2| ,Gpr="L 1+ |,Gy =Gufs + G52,

9 z 9 z 9 z z

82 4G 2G 2r2  6rd 4G 14r2  38r4

Wb 2 54 2 p b 2 b »

Ga=03Po—Gs = Gvs=——0..0vp=—— | I+ —+— | ,Gvr=—5 32 322

(A.56)

Finally, with the many possible interferences among the tensor currents and the com-
plicated kinematical functions, the differential rates for K; — 77UW are too cumbersome
to be given here.

B Differential rates for B decays

B.1 Experimental observables in rare B decays

Let us start by reviewing the kinematics and the current experimental limits for the various
B decays induced by neutral currents and involving missing energy. For many of these
modes, the kinematics and phase-space integrals are similar to that of the corresponding
K decays, so we refer to appendix A.1 for the explicit expressions.

Specifically, the observable three-body differential distributions for the B — HX
modes, H = 7,p, K, K* and X = 9, p(¢),V(V),U¥, can be written in terms of the
(reduced) invariant mass z = q?/m% of the invisible particles, or equivalently in terms of
the H momentum in the B rest-frame (|pg| = mpA/?(1, 2,7%)/2) or the missing energy
(F=mp(1+2z—1%)/2), as explicitly written down in eq. (A.1) for the K — X case.

b — s+ missing energy. For these transitions, we can obtain bounds on the production
of new invisible states by using the existing experimental data from Babar [145, 146] and
Belle [147] searches for B — K® v decays. In particular, the presently most stringent
bounds are

B(B" — K*Tvw) < 8-107° [145] (B.1)
B(BT — Ktvp) < 1.3-107° [146] , (B.2)

both at 90% C.L. and assuming the SM differential rates.
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However, in general, the kinematical distributions (and the associated phase-space
ranges) depend on the nature and couplings of the invisible particles. So, one would
need to correct for the associated experimental reconstruction efficiencies and background
shapes. Most notably, the SM backgrounds typically rise steeply at small final state K *)
momentum in the center of mass frame, thus reducing signal sensitivity in this region [146].
Without the detailed knowledge of the experimental analyses and detectors, we cannot
faithfully reproduce the final signal sensitivity distribution. However, we consider these
effects to be the least severe for massless final state invisible particles, since the kinematical
distributions in this case at least cover the whole kinematical region populated by the
SM signal with (almost) massless neutrinos. There we derive our tentative bounds on
the individual NP operators given in tables 4 and 6. The impact of purely kinematical
(phase-space) effects on the NP scale sensitivity away from the massless invisible particle
limit is illustrated in figure 2 for the case of pair production of two invisible fermions
through the various considered operators.

The Super-B factories are expected to provide a sensitivity down to a fraction of
the expected SM signal. Then, possible measurement of the K*) momentum or missing
energy distributions could provide additional powerful discriminants in the search for
NP contributions [49]. In this respect, the decay B — K*X has the virtue that the
angular distribution of the K* decay products allows to extract information about the
polarization of the K*. The experimental information that can be obtained from the
process B — K*(— Kn)X with an on-shell K* is completely described by the double
differential decay distribution in terms of the two kinematical variables s = (pg — pr)?,
corresponding to the invariant mass of the final state invisible particles, and 6, the angle
between the K™ flight direction in the B rest frame and the K flight direction in the
Km (K*) rest frame. The spectrum can be expressed in terms of B — K* transversity
rates I'r, 7 corresponding to longitudinally and transversely polarized K* final states (see
below), while the double differential spectrum can be written as

d’T 3dl’ 3dl’
= Tsin29+f L

e oL 2
dsdcosf 4 ds 5 a5 %Y (B-3)

Thus, dI'r/ds and dI'p/ds can be extracted by an angular analysis of the K* decay
products. Finally, the total invisible mass distribution is

[ deosh = :
as ) P s dcose ~ ds | ds

dl’ ! d’T dl'y dl’

/ T L (B.4)
As an illustration of the potential impact of such future precision measurements, in
tables 4 and 6, we also present the accessible NP scales assuming a 20% relative precision
on the B — K™ X rates compared to their SM predictions.

b — d+ missing energy. The BT — 77 (p™)X processes in the SM, with X = vi,
receive a dominant contribution already at the tree level though the decay chain BT —
v, — 77 (p)v,u, [148]. They have recently been measured by both Belle [36] and
Babar [38]. Reinterpreting their B(B*™ — 711;) values in the 7(p) decay channels of the 7
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by multiplying them with the corresponding well measured 7 — 7(p)v branching fractions
we obtain

B(B" — ntvp) = 1.96(85) - 1077, (B.5)
B(B* — pTvw) =0.97(50) - 107 . (B.6)

A potential NP signal in these modes would manifest itself via differences in the
measured B(B — 7tv) values in the leptonic and hadronic decay modes of the 7 —
something that future dedicated experimental searches could employ to reduce systematic
uncertainties. Although the SM signal shape in this case is well determined and largely
free from theoretical form factor uncertainties, the appearance of two neutrinos in the final
state means that the same experimental caveats in extracting bounds on NP contributions
apply as in the B — K® X case [148]. Again the polarization states of the p in the
B — pX mode, which are well predicted within the SM, could be reconstructed using the
angular distributions of the p — 27 system and aid in discriminating SM contributions
from possible NP effects.

The neutral modes B? — 79(p°) X are free from long distance SM contributions, but
the purely neutral final states make them more challenging experimentally. The present
bounds of

B(B® — nvp) < 2.2-1071 [147] (B.7)
B(B® — p’vir) < 4.4-107% [147] (B.8)

are less constraining than the charged modes analysis. Consequently, in setting our bounds
on invisible particles in the massless limit in tables 4 and 6 and away from this limit in
figure 2 we tentatively allow NP contributions to saturate the experimental uncertainties
in the charged modes, eq. (B.5).

Other modes with missing energy. Both Belle [149] and Babar [150] have searched
for the B — X X decay mode, which is helicity suppressed in the SM. While unresolved
soft photons can partially lift this suppression [20, 151], the SM predictions for the
branching ratio remain at the order of 10~ [20]. Being a two body decay process in the
scenarios we consider, the kinematical distributions are trivial and no model-dependent
efficiency corrections are needed. The latest experimental upper limit reads

B(B — XX)<13-1071@90% C.L. [149], (B.9)

and can be employed directly to constrain the relevant interactions of invisible particles,
as given in tables 4 and 6 and figure 2. In the future, both B, ; — XX modes could
potentially be probed to greater accuracy at the super flavor factories [152, 153].

On the other hand, while B, 4 — X with reconstructed final state photons allow
to lift the helicity suppression suffered by the NP fermionic contributions proportional to
faa, the additional agy suppression only makes them competitive with the B — p(K*)X
modes in the opposite region of large invisible particle masses (mp — My < Mx < m B),
where the helicity suppression is least and the By, — X channels are effective in
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constraining NP effects as well. In addition, precisely in this region the SM backgrounds,
most notably from misreconstructed B, — vX events, limit the experimental reach of
B q — vX [150]. For a more detailed discussion of the expected NP sensitivity, we refer
to ref. [20] and do not consider these modes any further.

Transversity basis in B — H™* transitions. Consider the decay B — H*X with the
B meson decaying to an on-shell vector meson H* and other (invisible) particles X. The
amplitude for this process can be written as

My (B — H*X) = b (m) M, , (B.10)

where €/, (m) is the polarization vector of the H*. Being on-shell, the H* has only three
polarization states, satisfying ep+ - pg= = 0. In addition, the polarization vectors satisfy
the following relations

Pl Dy
.

(B.11)
mH*

6?* (m)ﬁH*u(m/) = _6mm’ s Z EEL* (m)EVH* (m,)(smm/ = _guy +
m,m’

In measurements where only the H* decay products are reconstructed, only two of the
three H* polarization states can be disentangled. The corresponding transversity rates
(' and I'7) can be projected using covariant polarization projectors. First, we write the
sum of squared amplitudes over H* polarizations as
Pl Dy
.

B.12
4 (B.12)

> My (B = H*X)[> = M, MP* | PH = —gh +
m

The longitudinal H* polarization vector should satisfy pp~«|lemy+ in the B meson rest frame

and the corresponding decay rate (I'y) is obtained with the help of the projector
472, - D o
P = g (- PR ) (- PR ) (Ba3)
MBAH*~ My My«

where mB)\%fzﬂ = |pu+|, Niz = A(1,2,72), is the absolute value of the H* momentum
in the B rest frame. The (unpolarized) transverse H* helicity projector entering the
transverse rate I'z is then simply obtained as P = P# — P/,
B.2 Matrix elements for B decays

The hadronic matrix elements between a B, state and the vacuum are
(01677541 By (pB)) = ifB, 05 » (B.14a)

(01bys5q|By(pp)) = —i 8, - (B.14b)

For the decay constants, we use the values of a recent lattice QCD average [154]: fp, =
0.2388(95) GeV and fp, = 0.1928(99) GeV. The matrix elements for B — H, (where H is
a pseudoscalar meson, i.e. K or m) are [155]

1— 2
g (B.15a)

2
(H(pu)|bv*q|B(pp)) = f(¢*) [P“ ! . Hq“] + il (@®) .
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2
mp

(H (o) bal Bos)) = —"B— (1) i1 (), (B.15b)
(H o) bl B(p) = 1L ). (B.150)

where P* = (pg + pu)* and ¢* = (pp — pu)*, while 2 = ¢*/m% and r; = m;/mp. The
(H(pg)|bo*~v5q|B(pp)) matrix element can be obtained via the Chisholm identity. We
also consider B — H* matrix elements [156] (where H* is a vector meson, i.e. K* or p)

<H*<p *, € *)’B q‘B(p )>:2€ E*Vpppo- m (B 1684)

e €t Al BPB)) = Beuwpr i PR G |

* T lb - K[L H*( 2 S * Ag*(q2>
(H*(pu~, eq=)|0v"v5q|B(pB)) = icg.-mp(1 +1x)A7 (¢°) —iP"(epys - @) —F———
mB(1+TH*)
. * 2T * * *
—ig"(e5 - ) [AF (¢?) — AF(¢7)] (B.16b)
MmpBz
* 7 . mp

(H*(pr+, em+)|bysq| B(pg)) = _QZWTK(GH* AT (¢7), (B.16c)

- . 1 - 7,,2 6* * ° q *
<H*<pH*7GH*)’bUMVq‘B(pB)> = ZEMV,OU prj'_?* — > que}i;’-* + 512 P quU Tl (q2)

B
1—r? * €57 q
—1 Keuypaq”eﬁ*Tf (q2)+z 512 . €pvpo PP q"TH (q ),
B

(B.16d)

while the matrix elements (H*(pg+,epn+)|bo"’q|B(pg)) are again determined via the
Chisholm identity. At ¢> = 0 the form factors satisfy the following relations f(0) = f£(0),
AT (0) = AH7(0), and T (0) = T (0) = TH7(0). For convenience we will also define
the following auxiliary form factor combinations

1

AL(@) =47 (@) - 5

(1+ T‘H*)2(1 — r%{* — Z)A{I* (q2) , (B.17a)

T () = T8 (¢*) — (1= 7)1 =i = 2) T3 (@), (B.17b)

>\H*z

where A, = A\(1, z,72).

In our numerical analysis, we employ the form-factor normalizations, shapes, and the
associated uncertainties as determined in refs. [155-157] using light-cone QCD sum rules.
In particular we employ results of ref. [156] for the VE™#, AZ-K*”), TiK*’p values, ref. [155] for
the ff, o.r and f7 form-factors, while we use the results of a more recent calculation [157]

for fT .

B.3 Spin 1/2 invisible particles in the final states

The differential rates into a pair of invisible fermions are

D(By — yip) = qu ST or 4 T o =TI IR (fanfop) + T8 Faal ) (Bi18a)
Wb 1) = "0 {51z + Lol + T VTR Fir) + T v
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+ T3 fval’ + TE fse + T35 fss I + TSV AR(fsrfia) | (B.18b)

To (B H0) = "ETE { T\ 0l + T e+ TR v Frg) + T ol
wﬁfps\ + TR Fre fia) + TV 1 fav P + T faalP | (B-18¢)
WL (B B 00) = T {1 g P TV - T TRy Fia)+ T v P T Al
+J”AVT§R(fAvf;T> + TPV RS fira) + T | favl + T fanl)
(B.18d)
where F?" = f%qﬁi/&rmgq, Ff;Hm = mBﬁiz)\gi)z/%W?’, Bir = 1—47“1-2/,2, Bi =

\/1_47“? and

I,F =mb, /(me +mg)* T = T[T BY TN = dryma, [(my +myg) , To" = 4r

Ti = @V A8 /200+ i) T = TE (U +85/2)/80., T T =318 () Fr (@ )rudu=/ (1 +70),
TEY = A fE@E (L 20y /2) /2, T) 4 = TV B ) (Ut 20 /2) + 38 () (L= rh)? /2,

T57 = 32051 (= i) mb /A — mg)?, T5 = T8 T = T8 ar(my — ma) fmsz,

T = X T (PP (U + 803 /2) farke 2 TYT = Mo B3.TE (%) /A2,

T = 3rp N AL (P)TE (6)/200 (U4 )z, TEET = 32am: A (6°) mB /4(my +mg)?

TS = x;”Pﬂiz L TEPAY = 3ry A2 AG (6%)*ms /2(ms +my)

T = N AT ()2 (14202 /2) /80 (1+rw= )2 T =TV B2 /(14202 ) 2) 43w r 3 AY (¢7)?) 2,
TYT =20 BT (@) + (1 =k )T () (14803 /2), TV =2V (@) (2420) [ (Lrme )P,
T =2 T () (1480 2)+ (1 =3 )BT (), 70T =12r =T ()W (@) /(L+rae)
TIVA = Xe22B3. V(@) /(i) TPNT = 1201 = rg) (U rae)rg AT ()T (7).

TN = (4 rue )2 AT () (1 + 20 /2), Ty = T)Y B /(1 + 205 /2) (B.19)

B.3.1 Standard Model rates

The B™ — 77 (p™)vv modes are dominated by the tree-level contributions mediated by an
intermediate on-shell tau lepton. To an excellent (small tau-width) approximation, they
are given by

ar

(BY = 7tup) = &G [ —rH (A —r2/r2) — 2], (B.20a)

dizT(B+ = plvn) = Fgﬁ;pz Aoz — 201 = r2)(1 = r2/r2) + 22] | (B.20D)
— oy p2)2

d;ZL (Bt — ptup) = FSBﬁ(l)\mp) [(1 oy )(1 _ 7“2/7“ ) — ] 7 (B.20¢)

where Fgg{(p) = mrifi [ p)‘VubVJdFG /647°T;. To obtain the total rates one needs
to integrate over the available phase-space (z), which for the on-shell tau contribu-
tions is given by z € [0,(1 — 72)(1 — r?r(p) /r2)].  Alternatively one can mnormalize
these distributions to the experimentally determined B — 7v (from purely leptonic
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tau reconstruction) and 7 — w(p)r (from prompt tau decays) branching ratios since
B(BT — 7t (pT)vw) ~ B(B — 1v) x B(t — 7(p)v), eliminating the theoretical uncertain-
ties in the normalization factor I'y. The neutral modes are dominated by short distance loop
contributions, similar to B — K® v, albeit further CKM suppressed, leading to branching
ratios almost two orders of magnitude smaller compared to the charged modes [148].

The dominant (short distance loop) contributions to the kaon modes (B — K®vp)
are given by

dar

(B = Kv) = BENIZp (4%)?, (B.21a)
F * * *
dTXB-»zwvu> PBR2AL2, | 22y (22 4 (14 e 2K (22|, (B.21D)
dz L+ rge)?

dr A/2 AR

“L(B— K*vw) =TEK K (@)’ (B.21c¢)
dz 4r2, (1 + rg+)?

where now I'EE = m% (G ra|Viy, V| OS2 /2567° and |CSM| = 6.33 £ 0.06 [133, 158]. The

charged modes also receive tree-level contributions mediated by intermediate on-shell 7
leptons similar to BT — 7" (p*)vi. These are however always subleading in the kaon
case; of about 15% of the above short-distance contributions [148].

B.4 Spin 0 invisible particles in the final states
The rates for the production of a single invisible scalar from the H* (DQ) ¢ operator of

eq. (3.1) are
1 2\2
(B — Ho) = T iflas? g2/ m . (B.222)
. AH* .
TL(B— H'9) =T{|g Wﬁ%{ (m3)?, (B.22b)
q

where I’ﬁH(*> =mp H( /16, Nz = A(1, r2, 7“]) The vector operator contributions are

related to these via quark EOM, see eq. (3.3). The rates for the production of two scalars are

Bq |9PS| mB

I'(B, B.23
dr m2B BH SS 2 1747 B 2
a2 —(B = Hoop) = A2 L 1T5  gssl” + T 5 lgvv (B.23b)
—- (B = H'60) = A’;TBH { TS \gps P+ TV BlgA 2—g e e (gAvgps)},
(B.23c¢)
where

jq;S‘S — ijP/QZ , quV — AHZIB(?)ZJ(‘J’I:I(QQ)Q/S ; jdl)PS — \712;PP/2Z , \7¢/,AV /AVﬁd)z/Zl( + 2T¢2/Z) .
(B.24)
Note that if ¢ = ¢, Bose statistics has to be enforced and these rates should be divided

by two.
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B.5 Spin 1 invisible particles in the final states

The production of a single vector using the simple FCNC operators of eq. (4.1) or the
gauge-invariant operators of eq. (4.7) are

B—HV: TW=TBHFV |, i — ”XzB TBH 7T |hyf? |
* m
B H*'V: TW_TBH g14)c |2 i = AfrBH NAAIES
* m
F[j{ 7FBH { //V‘GV|2+ //A|€A|} F[YI’I] AfrBH { //T|hT|2Jr HT‘hT|2}
(B.25)
where
AHV H, 22 1A /\%{*V Af* (m%/)Q nv v (m%/)Q
T = 55 LT = T =22y ———V2  (B.26a
1V ’I“‘Q/ + ( V) 1V ’I“‘Q/ 47"%*( T+ *)2 H*V (1 + TH*)2 ( )
T =21 +rg)2 A (m?)?, Ty = 4wy fH(m)? /(L +rv)?, (B.26b)
le = Npy T (m3)2 /i, Ty = 8=y T (mi))? jHT 8(1 —rg )2 Ty (mi)?.
(B.26¢)

Note that in the my — 0 limit, F[LIH(B — H*V) is well-defined while the tensor operator
contributions actually vanish thanks to the form factor relation TH (0) = 0.
The rate and differential rates for the production of two vectors are

(B, - vv) = Aﬁq To {TEP |hpp|? + TES |hps|?) (B.27a)
dF[H] W BH SP 2 SS 2

7 (B— HVV) = A4r {Fv" hspl® + TP |hss|?} (B.27b)
dF[ZIJI] ERTAT, B BH* /PS 2 /PP
(B = H'VV) = ST {3 hes | + T \hppl?} (B.27¢)

where

IPP—ﬂa 7,7 IV =TT (B + 6ry),
=280, T30 T35 = 23T (B, + 61y /)
/PS BV;: /PP j/PP /PP(/BVZ+6TV/Z) (B28)

B.6 Spin 3/2 invisible particles in the final states
The rate for the YW modes are

Bq

(B, — ) P TP fpe P + TP fosl = TP R(fanfbp) + T fanl} . (B.29)

(B - HYT) = ’Xf P L TE P+ ToN fral? + T2\ s 4+ 70 sl
+ T3V frp 2+ TP frp 2+ TV 1 fov P + T foal? + T fspl? + T3 fss )
= TR (e fis) + T R fis) = T I RUrr fs) = Ty R(frr S )

- JwT/ "PR(frrfre) — TS5 R(frsfiv)

—TLP YRS pfi) + TN TR fir) + T R(vafie) | (B.29b)
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where 3/ = (9 — 652 + 534)/18, B! = (5 — 682 + 98%)/18 and
" = By /4, TS = Ty A, T = BT 4 T = Bl
J;;F/ = zQJfﬁfj,z/él ,51 = 22‘75(1 + 2ri/z — 147“3/22 + 807‘3/,23)/9512&2 ,szs = 22j$(1 + 5ri/z)ﬁiz/36,

IIS = 2T (341002 /2) /36, THF = 22 T1 (1 + 3r2 /2) /36, TLF = 5270 v (1 + 2r2 /2) /3662,

\ZX/V = )\HZZfo(QQ)(367‘2,/Z3 —2ry /2% = 2r], /2 + 1)/18,

Tyt = 254k — D) 51 () Bus + Am=2f5 (¢°)B:(98). — 813 /2))/72, T = 22778, /4,

T =23 T BBy /4yl T =22m0 )9, T =2, (1=100 /2) /9, T 0TS =437 7T =477
It = 2T +13/2/9, 355 = FVTRB 21, TLPYY = g VTR 4 2 2+ 61y )2) 54,
TIVT = gV (3 - 14rd Jz + 388 /22) /21, TY AT = TEPVALB). /4. (B.30)

With the many possible interferences among the tensor currents and the complicated
kinematical functions, the differential rates for B — H*WW are too cumbersome to be

given here.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License which permits any use, distribution and reproduction in any medium,
provided the original author(s) and source are credited.
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