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1. FIGURES

FIG. 1. A typical iDM event shown in the Belle II event display, including CDC hit information.
Beam backgrounds are not shown. The detector observables are limited to an initial state radiation
(ISR) photon, �ISR, and a displaced vertex (V 0) produced by the leptons emitted in the long-lived
decay �2 ! �1l+l� where l = e, µ.
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SIMPLEST CASE: PORTALS
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dependence on mass for each source of dimuon candidates.
The prompt-dimuon PDFs are taken directly from the data
at mðJ=ψÞ and mðZÞ, where prompt resonances are
dominant. Small corrections are applied to obtain these
PDFs at all othermðA0Þ, which are validated near threshold,
at mðϕÞ, and at m½ϒð1SÞ$, where the data predominantly
consist of prompt-dimuon pairs. Based on these validation
studies, a shape uncertainty of 2% is applied in each
min½χ2IPðμ%Þ$ bin. Same-sign μ%μ% candidates provide
estimates for the PDF and yield of the sum of the hh and
hμQ contributions, where each involves misidentified
prompt hadrons. The μ%μ% yields are corrected to account
for the difference in the production rates of πþπ− and π%π%,
which are determined precisely from the data using dipion
candidates weighted to account for the kinematic depend-
ence of the muon misidentification probability, since the hh
background largely consists of πþπ− pairs where both pions
are misidentified. The uncertainty due to the finite size of the
μ%μ% sample in each bin is included in the likelihood.
Simulated Q-hadron decays are used to obtain the μQμQ
PDFs, where the dominant uncertainties are from the relative
importance of the various Q-hadron decay contributions at
each mass. Example min½χ2IPðμ%Þ$ fits are provided in
Ref. [97], while the resulting promptlike candidate categori-
zation versus mðμþμ−Þ is shown in Fig. 1. Finally, the
nγ

'

ob½mðA0Þ$ yields are corrected for bin migration due to
bremsstrahlung, which is negligible except near the low-
mass tails of the J=ψ and ϒð1SÞ, and the small expected
Bethe-Heitler contribution is subtracted [76], resulting in the
nA

0
ex½mðA0Þ; ε2$ values shown in Fig. S2 of Ref. [97].
The promptlike nA

0

ob½mðA0Þ$ mass spectrum is scanned in
steps of σ½mðμþμ−Þ$=2 searching for A0 → μþμ− contribu-
tions [97] using the strategy from Ref. [83]. At each mass, a
binned extended maximum likelihood fit is performed in a
%12.5σ½mðμþμ−Þ$ window around mðA0Þ. The profile
likelihood is used to determine the p value and the upper
limit at 90% confidence level (C.L.) on nA

0

ob½mðA0Þ$. The
signal is well modeled by a Gaussian distribution whose
resolution is determined with 10% precision using a
combination of simulated A0 → μþμ− decays and the

observed pT-dependent widths of the large resonance peaks
in the data. The mass-resolution uncertainty is included in
the profile likelihood. The method of Ref. [98] selects the
background model from a large set of potential compo-
nents, which includes all Legendre modes up to tenth order
and dedicated terms for known resonances, by performing a
data-driven process whose uncertainty is included in the
profile likelihood following Ref. [99]. No significant
excess is found in the promptlike mðA0Þ spectrum after
accounting for the trials factor due to the number of signal
hypotheses.
Dark photons are excluded at 90% C.L. where the upper

limit on nA
0

ob½mðA0Þ$ is less than nA
0

ex½mðA0Þ; ε2$. Figure 2
shows that the constraints placed on promptlike dark
photons are the most stringent for 214 < mðA0Þ ≲
740 MeV and 10.6 < mðA0Þ≲ 30 GeV. The low-mass
constraints are the strongest placed by a promptlike A0

search at any mðA0Þ. These results are corrected for
inefficiency and changes in the mass resolution that arise
due to τðA0Þ no longer being negligible at such small values
of ϵ2. The high-mass constraints are adjusted to account for
additional kinetic mixing with the Z boson [84,85], which
alters Eq. (1). Since the LHCb detector response is
independent of which qq̄ → A0 process produces the dark
photon above 10 GeV, it is straightforward to recast the
results in Fig. 2 for other models [100,101].
For the long-lived A0 search, contamination from prompt

particles is negligible due to a stringent criterion applied in
the trigger on min½χ2IPðμ%Þ$ that requires muons be incon-
sistent with originating from any PV. Therefore, the dom-
inant background contributions are as follows: photons that
convert into μþμ− in the silicon-strip vertex detector that
surrounds the pp interaction region known as the VELO
[103], b-hadron decay chains that produce two muons, and
the low-mass tail from K0

S → πþπ− decays, where both
pions are misidentified as muons (all other strange decays
are negligible). A p value is assigned to the photon-
conversion hypothesis for each long-lived A0 → μþμ− can-
didate using properties of the decay vertex and muon tracks,
along with a high-precision three-dimensional material map
produced from a data sample of secondary hadronic
interactions [104]. An mðA0Þ-dependent requirement is
applied to these p values that results in conversions having

FIG. 1. Promptlike mass spectrum, where the categorization of
the data as prompt μþμ−, μQμQ, and hhþ hμQ is determined using
the min½χ2IPðμ%Þ$ fits described in the text (examples of these fits
are provided in the Supplemental Material [97]). The anti-kT-
based isolation requirement is applied for mðA0Þ > 1.1 GeV.

FIG. 2. Regions of the ½mðA0Þ; ε2$ parameter space excluded at
90% C.L. by the promptlike A0 search compared to the best
published [35,38,83] and preliminary [102] limits.
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3.5 Bound from the neutrino trident process ⌫µN ! ⌫µNµ+µ�

The neutrino trident ⌫µN ! ⌫µNµ+µ� events allow to restrict a model where Z 0 boson
interacts with Lµ � L⌧ current. The data of the CHARM and the CCFR experiments
exclude the gµ � 2 muon anomaly explanation for mZ0 � 400 MeV [73].
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Рис. 2: Limits at 90 % C.L. on the mixing parameter ✏ versus the A0 mass for invisible
A0 decays, taken from ref.[34]

3.6 Nonaccelerator bounds

3.6.1 CMB bound

The residual annihilation of DM particles after equilibrium annihilation and before recombination
can still reionize hydrogen and hence modify the CMB (cosmic microwave background)
power spectrum. The Planck experiment constraint [74] rules out thermal DM below
10 GeV if the annihilation is s-wave (velocity independent). The p-wave annihilation
is allowed since at recombination epoch the temperature is T ⇠ eV and the p-wave
annihilation is suppressed by factor T/m�. Also models with pseudo-Dirac LDM [4, 37]
escape the CMB bound.

3.6.2 Constraints from stars

Light A0 boson can be produced in stars. The energy loss of the stars through the A0

places strong limits ✏  O(10�14) on the A0 couplings for mA0  0.01 MeV [75] - [83].
The constraints on the A0 couplings result from the requirement that the energy loss by
the A0 emission has to be less than 10 percent of the solar energy in photons [76]. Also for
mA0  0.3 MeV similar but more weak limit on ✏ can be deived from horizontal branch
stars and red giants where the temperatures are higher than in the Sun [76].
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ted inside the electromagnetic calorimeter acceptance,
we search for the presence of a corresponding ISR photon
candidate, which is defined as a neutral cluster having an
energy within 10% of that of the recoiling particle, and
an angle compatible with the direction of the recoiling
particle to better than 0.1 rad.

To improve the signal purity, we train three multivari-
ate classifiers consisting of logistic regressions stacked on
top of Random Forest (RF) classifiers [25]. The follow-
ing 13 variables are used as inputs to the RF: the �2 of
the constrained fit to the ⌥D candidate; combined parti-
cle identification information of the six tracks; the maxi-
mum mass di↵erence between any pair of A0 candidates;
the polar angle and the invariant mass of the particle
recoiling against the reconstructed ⌥D candidate; a cat-
egorical feature indicating whether the recoiling particle
is emitted inside the calorimeter acceptance and if a cor-
responding ISR photon candidate is found; the sum of
neutral energy deposited in the electromagnetic calorime-
ter, excluding the ISR photon candidate; the average of
the three dark photon helicity angles [26]; the average of
the angles between pairs of dark photons in the ⌥D rest
frame; the average of the dihedral angles between pairs
of dark photons; the average of the three helicity angles
of the tracks produced in the A0 decays; the average of
the dark photon decay lengths, defined as the distances
between the primary interaction point and the A0 de-
cay vertices; and the maximum mass di↵erence between
same-sign pairs.

To improve the robustness of the predictions of the
classifiers, we group the final states into three categories
based on the number of pion pairs: zero (C0), one (C1),
or two (C2) pion pairs. A classifier is trained for each cat-
egory with a sample of simulated events for di↵erent ⌥D

and A0 masses and a fraction of the optimization sam-
ple to describe the background. The classifier outputs
are then transformed into classifier scores using a logit
function [27], with higher scores indicating greater prob-
abilities of being signal events. The distribution of the
classifier scores for each category are shown in Fig. 1. The
optimal selection criteria are determined by maximizing
a figure of merit averaged over a wide range of ⌥D and
A0 masses. We adopt a conservative approach and treat
observed events as signal candidates for the purposes of
calculating the figure of merit. If multiple ⌥D candidates
are selected in an event, a single one is chosen based on
its final state according to the following sequence of hy-
potheses: 6e, 4e2µ, 2e4µ, 6µ, 4e2⇡, 2e2µ2⇡, 4µ2⇡, 2e4⇡,
2µ4⇡.

A total of 69 events pass all the selection criteria. The
corresponding (m⌥D ,mA0) distribution is shown in Fig. 2.
The events near m⌥D ⇠ 0.1GeV and mA0 ⇠ 0.05GeV
arise from e+e� ! ��� events in which all three photons
convert to e+e� pairs.

The signal is extracted by combining all event cate-
gories into a single sample, and scanning the (m⌥D ,mA0)

FIG. 1: The distribution of the classifier scores for each event
category for the data (markers) and signal Monte Carlo (solid
lines) samples. The MC simulations are arbitrarily normal-
ized.
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FIG. 2: The (m⌥D ,mA0) distribution for events passing all
selection criteria for prompt dark photon decays.

plane in steps of the signal resolution. The signal re-
gion for a given mass hypothesis is defined as the interval
[m⌥D � 4�m⌥D

;m⌥D + 4�m⌥D
] and [mA0 � 4�mA0 ;mA0 +

4�mA0 ], where �m⌥D
(�mA0 ) denotes the corresponding

⌥D (A0) mass resolution. The resolutions are determined
by fitting the di↵erent signal Monte Carlo (MC) sam-
ples with a Crystal Ball function [28] and interpolating
the results throughout the full mass range. The ⌥D (A0)
mass resolution varies between 5 � 40MeV (1 � 8MeV);
the detailed results are available in the Supplemental
Material [29]. The number of observed background
events is estimated by averaging two neighboring regions
along the m⌥D axis: [m⌥D � 8�m⌥D

;m⌥D � 4�m⌥D
] and

[m⌥D + 4�m⌥D
;m⌥D + 8�m⌥D

]. This choice is motivated
by the potential background contribution due to hadronic
resonances or photon conversions, which would be con-
centrated at similar values of dark photon masses. The
signal significance is assessed from MC samples, using
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• For sufficiently large coupling in the 
hidden sector, can form dark matter 
bound states!

2

asymmetry in the dark sector. (Other well-motivated re-
alizations of self-interacting dark matter based on a new
strongly interacting sector would also typically require
the existence of dark photons [31].)

As discussed in the introduction, sufficiently strong
dark interaction strength and light dark photon will re-
sult in the formation of dark matter particles (��̄). The
two lowest (1S) bound states, 1

S0 (JPC = 0�+) and 3
S1

(JPC = 1��), will be called ⌘D and ⌥D, respectively.
The condition for their existence has been determined nu-
merically [29] 2, 1.68mV < ↵Dm�, with ↵D = g

2
D/(4⇡).

Their quantum numbers suggest the following production
mechanisms at colliders:

e
+
e
� ! ⌘D+V ; e

+
e
� ! ⌥D+�; p+p ! ⌥D+X (2)

The last process represents the direct production of ⌥D

from qq̄ fusion. All production processes are mediated by
a mixed � � V propagator, as shown in Fig. 1.

FIG. 1. Diagram for ⌘D and ⌥D production and decay at
B-factories.

In order to obtain the rate for the first process in (2),
we calculate the amplitude of e

+
e
� ! ��̄V with �, �̄

having the same four momentum p (with p
2 = m

2
�), and

apply the projection operator,

⇧⌘ =

s
1

32⇡m3
�

R⌘D (0)( 6p+m�)�5( 6p�m�) , (3)

to select the ⌘D bound state [32]. We find a leading-order
differential cross section:

d�e+e�!⌘DV

d cos ✓
=

4⇡↵↵2
D

2[R⌘D (0)]
2(1 + cos2 ✓)

m�s
3/2(s� 4m2

� +m2
V )

2
|p|3 , (4)

where ✓ is the angle between ⌘D and the ini-
tial e

� in the center-of-mass (CM) frame, and
|p| is the spatial momentum of ⌘D, |p| =p

[s� (2m� +mV )2][s� (2m� �mV )2]/(2
p
s). We

neglect the binding energy for ⌘D, and set m⌘D ' 2m�.
The value of R⌘D (0) can be analytically estimated us-

ing the Hulthén potential V (r) = �↵D�e
��r

/(1� e
��r)

with � = (⇡2
/6)mV , known as a good approximation

of the Yukawa potential V (r) = �↵De
�mV r

/r [33]. In

2
It is known that too large ↵D would run to the Landau pole very

quickly at higher scale [30]. Hereafter, we focus on ↵D  0.5,
and work with leading-order results in ↵D.

that case, R⌘D (0) = (4 � �
2
a
2
0)

1/2
a
�3/2
0 , where a0 =

2/(↵Dm�).
The scalar bound state ⌘D dominantly decays into two

dark photons, each subsequently decaying into a pair of
SM particles via kinetic mixing. These decays are all
prompt for the relevant region of parameter space. The
above decay chain eventually results in the final states
containing six charged tracks, which can be electrons,
muons or pions, depending on the dark photon mass.

We turn to the calculation of ⌥D production via ini-
tial state radiation (Fig. 1). In the ⌥D rest frame, the
non-relativistic expansion can be used, taking the dark
matter field in the form: � = e

im�t [⇠,� · p/(2m�)⇠]
T +

e
�im�t [� · p/(2m�)⇣, ⇣]

T , where ⇠, ⇣ are the 2-spinor an-
nihilation (creation) operators for particle (antiparticle).
We use the relation between matrix element and wave
function [34],

h0|⇣†�µ
⇠|⌥Di =

r
1

2⇡
R⌥D (0) "

µ
⌥D

, (5)

where "µ⌥D
is the polarization vector of ⌥D and R⌥D (0) '

R⌘D (0) is the radial wave function at origin. Taking into
account the kinetic mixing between dark photon and the
photon, we derive the effective kinetic mixing term be-
tween ⌥D and the photon,

Le↵ = �1

2
DFµ⌫⌥

µ⌫
D , D =

r
↵D

2m3
�

R⌥D (0) . (6)

In the limit mV ⌧ ↵Dm�, the term D reduces to D =
↵
2
D/2. We obtain a differential cross section:

d�e+e�!�⌥D

d cos ✓
' 2⇡↵2


2

2
D

s

 
1�

4m2
�

s

!

⇥
"

8s2(s2 + 16m4
�) sin

2
✓

(s� 4m�)2 (s+ 4m2
e � (s� 4m2

e) cos 2✓)
2 � 1

#
, (7)

where ✓ is the the angle between � and the initial e� in
the CM frame. In the denominator, the electron mass
must be retained in order to regularize the ✓ integral, as
for me = 0 the cross section is divergent in the forward
direction [35].

Compared to the e
+
e
� ! ⌘DV process, the e

+
e
� !

�⌥D cross section is suppressed by a factor ↵/↵D, al-
though the latter contains a logarithmic enhancement
from the angular integral. Moreover, the cross-section
e
+
e
� ! ⌘DV contains an additional m2

�/s factor, which
brings additional suppression of lighter dark matter. For
↵D & 0.1 and m� ⇠

p
s, the two processes have similar

cross-sections, and we will combine them to set the limit
on this model.

The ⌥D particle will subsequently decay into three
dark photons. Similarly to derivation of Eq. (4), we cal-
culate the differential decay rate of ⌥D into three massive

<latexit sha1_base64="5cXm+ASUU1eBcadZfH4ezdPQ4jE="></latexit>
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• Look for 3 sets of resonances that 
are close together in mass

FIG. 4: The (m⌥D ,mA0) mass distribution of event candi-
dates passing all selection criteria for the datasets optimized
for each dark photon lifetime.

In summary, we report the first search for a dark sec-
tor bound state decaying into three dark photons in the
range 0.001GeV < mA0 < 3.16GeV and 0.05GeV <
m⌥D < 9.5GeV. No significant signal is seen, and we
derive limits on the � � A0 kinetic mixing " at the level
of 5⇥10�5 �10�3, depending on the values of the model
parameters. These measurements improve upon exist-
ing constraints over a significant fraction of dark photon
masses below 1GeV for large values of the dark sector
coupling constant.

FIG. 5: The 90% CL upper limits on the kinetic mixing "2

as a function of the ⌥D mass, m⌥D , and dark photon mass,
mA0 , assuming ↵D = 0.5.
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visible decays:
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Figure 2: Expected sensitivity assuming 2.3 events of the search for displaced non-electron

final states at Belle II in the ✏�mA0 parameter plane for an integrated luminosity of 50 ab�1.

Existing limits are taken from [44].

regions 0.2 cm < R < 0.9 cm and 0.9 cm < R < 17 cm contribute similarly to the sensitivity,

while larger displacements do not add additional sensitivity. In total we expect at most

around 50 events for 50 ab�1. As a result, Belle II will become sensitive to this signature

only with an integrated luminosity exceeding 2 ab�1.

4.2 Sensitivity for electron final states

The electron final states are experimentally significantly more challenging than the muon

final states. Pair conversion events are expected at invariant masses well below 1 MeV.

We assume that an invariant mass selection of mee & 30MeV is needed to reject the

largest fraction of correctly reconstructed pair conversions due to finite tracking resolution

e↵ects. Additional selections on the opening angle ✓ee of the daughter electrons are likely

needed to increase the tracking e�ciency and momentum resolution. In the top panel of

Fig. 3 we show the individual sensitivities corresponding to the regions in which 0.2 cm <

R < 0.9 cm, 17 cm < R < 60 cm, and the sensitivity for both regions combined for an

angular cut ✓ee = 0.025. We observe that a large fraction of the overall sensitivity is due

to displacements below 0.9 cm, but also large displacements contribute. As outlined in

Sec. 3.3, we expect that additional backgrounds from misreconstructed pair conversions

e+e� ! �� cannot be reduced to zero by the selections above. Stronger angular cuts

will further reduce backgrounds and we show the sensitivity for di↵erent angular cuts ✓ee
in Fig. 3 (bottom-left). For more optimistic and more pessimistic assumptions on the

background levels, we also show the contours for 2.3, 10, 23, and 100 signal events after

– 6 –

T. Ferber et al., 2202.03452

Belle II Detector (Torben Ferber) 27

iDM
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A� 

�

Figure 1: Schematic view of the Belle II detector (xy-plane) and example displaced sig-

nature e+e� ! �A0, A0 ! l+l�/h+h� (l± = e±, µ± and h± = ⇡±,K±).

very similarly to muons in the Belle II detector, see e.g. the discussion in [39], we do not

simulate these particles explicitly. Instead, we rescale the simulated events with final state

muons taking into account the relevant branching ratios, which we take from [43]. As

in [39] events are generated in the centre-of-mass frame with
p
s = 10.58GeV and then

boosted and rotated to the Belle II laboratory frame.

3.3 Signal selection

Signal events consist of a high energy photon recoiling against a pair of high energy charged

particles of opposite charge (see Fig. 1). The two charged particles originate from a common

vertex and combine to an invariant mass of the dark photon A0. The two charged particles

and the photon together combine to the collision energy of the incoming e+e� beams.

Experimentally, a vertex fit of the two electrons followed by a kinematic fit of all three

particles will improve the invariant mass resolution significantly and allows exploiting the

full potential of e+e� colliders. For A0 ! e+e� we expect that dominant background

events for displaced A0 decays are e+e� ! e+e�� with a misreconstructed prompt decay

vertex, and e+e� ! �� followed by a pair conversion � ! e+e�; for A0 ! µ+µ�/h+h�

the dominant background is e+e� ! µ+µ�� and e+e� ! ⇡+⇡�� with a misreconstructed

prompt decay vertex, as well as the production and decay of K0
S mesons.

As in [39] we select events based on the radial vertex position R of the A0 decay

products (region selection), their trigger signatures (trigger selection), and the final state

kinematics (kinematic selection). The region selections are used to select the following

vertex regions:

• Decays with R =
p

x2 + y2 < 0.2 cm are very close to the nominal interaction point

– 3 –

10-2 10-1 100
10-6

10-5

10-4

10-3

mA' [GeV]

�

Belle II displaced

BaBar LHCb

KLOE

NA48/2
(g-2

)e

E141

NA64

NuCal

Orsay

U70

Belle II prompt

50 ab
-1

Faser2

LHCb

SHiP

Apex

mu3e

S
ea
qu
es
t

50 ab
-1

0.5 ab
-1

2 ab
-1

Figure 4: Overall expected sensitivity of the displaced search at Belle II in the ✏ � mA0

parameter plane compared with other projections assuming an integrated luminosity of

0.5 ab�1 (dashed), 2 ab�1 (dashed-dotted), and 50 ab�1 (solid). Existing limits as well as

future projections are taken from [44]. The Belle II projection for the prompt A0 decays is

taken from [52].

reduction of signal e�ciency by a factor of 0.23 to reach zero background events.

4.3 Combined sensitivity

In Fig. 4 we show the combined sensitivity taking into all displaced final states, assuming

✓ee = 0.025 and 10 events for the electron final state as an optimistic estimate. In addition

we show all relevant projections of other future experimental facilities for comparison.

We see that Belle II not only covers a large region of parameter space which is currently

still unexplored, but is also uniquely sensitive in particular for dark photon masses close

to 1 GeV. As we do not expect any background events in this region, the underlying

experimental uncertainties are rather small and our projection therefore correspondingly

robust.

5 Discussion

A kinetically mixed dark photon is one of the simplest and most well motivated options

to extend the SM of particle physics and has attracted a huge amount of interest over

the past couple of years. In this letter we point out that Belle II will be able to probe

a significant part of the uncovered parameter space by looking for events with a single

high energy photon and a pair of displaced charged particles. The non-electron final states

– 8 –
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Figure 4.2: Production (left) and subsequent decay (right) of the particle NI .

the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2–4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of NI is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon first conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by definition they are produced or detected as flavour
states (ie. the states that couple to the e, µ and ⌧ leptons respectively). However, such states
of a definite flavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates

– 65 –
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• Motivated by SM neutrino masses via seesaw mechanism

• Can also explain the matter-antimatter asymmetry!
Akhmedov, Rubakov, Smirnov, PRL 81 (1998)  

Asaka, Shaposhnikov, PLB 620 (2005)

• See yesterday’s talk by Sophie Middleton, incl. new BABAR result!



Michael De Nuccio Search for Axion-Like Particles produced in e+e- collisions at the Belle II experiment

Physical process

�6
Dolan, Ferber, Hearty, Kahlhoefer, Schmidt-Hoberg, JHEP 1712 (2017) 094

• Axions:  
proposal to solve strong CP problem 

• Axion-like particles (a, ALPs):  
~axions, but no mass-coupling constraint 
Massive, neutral, pseudoscalar 

• Possible portals to Dark Sector

ALP-strahlung

Belle II simulation, signal only
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• Axionlike particles are naturally light & feebly interacting, well-
motivated in UV models and great hidden sector mediators!

2

di dju/c/t

a

W

FIG. 1. Axion-like particle production in flavor-changing
down-type quark decay, di ! dj + a .

bosons,

L = (@µa)2 � 1

2
M2

aa2 � gaW

4
a W a

µ⌫W̃ aµ⌫ , (2)

where the gaW coupling is the leading term in the EFT
expansion. This situation could arise if all fermions
charged under the PQ symmetry possess only SU(2)W

gauge interactions, although models where a additionally
couples to the hypercharge gauge bosons give qualita-
tively similar results. After electroweak symmetry break-
ing, the coupling gaW generates interactions between a
and W+W�, as well as ZZ, Z�, and �� in ratios given
by the weak mixing angle.

We have computed the contribution of Eq. (2) to the
amplitude for di ! dja depicted in Fig. 1. The result is
replicated by the following e↵ective interaction (assuming
negligible up-quark mass):

Ldi!dj � �gadidj (@µa) d̄j�
µPLdi + h.c., (3)

gadidj ⌘ �3
p

2GFM2
W gaW

16⇡2

X

↵2c,t

V↵iV
⇤
↵jf(M2

↵/M2
W ),

f(x) ⌘ x [1 + x(log x � 1)]

(1 � x)2
,

where GF is the Fermi constant and Vij are the rele-
vant entries of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. Note that f(x) ⇡ x for x ⌧ 1 such that the
interaction is proportional to M2

↵/M2
W for M↵ ⌧ MW .

There is an additional contribution to the e↵ective cou-
pling suppressed by factors of the external quark masses
(⇠ M2

di
/M2

W ) that we have neglected to write in Eq. (3).
For flavor-changing couplings, the result is finite

and depends only on the IR value of the e↵ective
coupling gaW : while individual diagrams in Fig. 1 are
UV divergent, the divergences cancel when summed
over intermediate up-type quark flavors. Because the
divergent terms are independent of quark mass, the
unitarity of the CKM matrix requires that they sum
to zero. This is contrast with models possessing a
direct ALP-quark coupling, in which the FCNC rate is
sensitive to the UV completion of the theory [44, 45].

Diphoton Searches for ALPs: We now discuss the
prospects for the sensitivity of current and future probes

to the ALP model in Eq. (2). We divide our discussion
according to the two principal production modes: sec-
ondary ALP production from rare decays of SM mesons,
and primary ALP production at colliders.

ALP production in rare meson decays is, by far, the
most promising new search mode. The quark coupling
in Eq. (3) mediates FCNC decays of heavy-flavor mesons
such as B ! K(⇤)a and K ! ⇡a. To compute the rates
of B-meson decays to pseudoscalar and vector mesons,
we employ the hadronic matrix elements calculated using
light-cone QCD sum rules [50, 51]. For K± ! ⇡±a, we
use the hadronic matrix element resulting from the Con-
served Vector Current hypothesis [52–54] in the flavor-
SU(3) limit assuming small momenta. The matrix ele-
ment for K0 ! ⇡0a is related to that of K± ! ⇡±a by
isospin symmetry, and so the matrix element for the KL

(KS) mass eigenstate is found by taking the imaginary
(real) part of the K± ! ⇡±a matrix element [55]. We
keep only the leading terms from Eq. (3) that are unsup-
pressed by external momenta. The decay rates are:

�(B ! Ka) =
M3

B

64⇡
|gabs|2

✓
1 � M2

K

M2
B

◆2

f2
0 (M2

A) �1/2
Ka ,

�(B ! K⇤a) =
M3

B

64⇡
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0(M
2
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K⇤a,

�(K+ ! ⇡+a) =
M3

K+

64⇡
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⇡+

M2
K+
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|gasd|2 �1/2
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�(KL ! ⇡0a) =
M3

KL

64⇡
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Im(gasd)
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where �Ka =
h
1 � (Ma+MK)2

M2
B

i h
1 � (Ma�MK)2

M2
B

i
, along

with analogously defined �K⇤a, and �⇡+,0a. f0(q) and
A0(q) are appropriate form factors from the hadronic
matrix elements, obtained from Refs. [50] and [51], re-
spectively. For the a mass range we study, Ma ⌧ MW ,
the dominant decay mode is a ! ��.

We begin our phenomenological study with the sig-
nature B ! K(⇤)a, a ! ��, which has the best sensi-
tivity to ALPs. While the same rare meson decay with
a ! �� is also predicted in models with pseudoscalars
possessing only direct quark couplings [48], the diphoton
mode is only dominant for ALP masses below the pion
threshold in those scenarios. Moreover, to our knowledge,
no such search has been carried out, nor has the SM
continuum process B ! K(⇤)�� been previously mea-
sured [56]. There are measurements of the processes
B ! K(⇤)⇡0, ⇡0 ! �� at BaBar and Belle [57–60],
which are similar to our proposed ALP searches but are
restricted to M�� ⇠ M⇡0 . These branching ratios are
measured with 2� uncertainties ⇠ 10�6, thus this value
serves as a concrete benchmark for conservatively esti-
mating the sensitivity to B ! K(⇤)a. Since the ALP
searches are a straightforward resonance search, however,
backgrounds can be estimated using sidebands, and we
expect current and future B-factories will have even bet-
ter sensitivity to Br(B ! K(⇤)a).

a
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• See this morning’s talk by Diego Redigolo!
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NON-MINIMAL COUPLINGS

1111

• Most hidden-sector explanations for g-2 anomaly are ruled out 
unless couplings to quarks and electrons are suppressed

• However, viable models still exist with preferential coupling to heavy 
flavor leptons!

Bertrand Echenard              - LDW 2020                - p.21

Muonic dark force

Muonic dark force: a new force coupling only to the second and third generation of
leptons with a corresponding gauge boson Z’ (arXiv:1403.2727)

Such a force could explain various anomalies observed in the muon sector (“g-2”
discrepancy, proton radius puzzle), and account for dark matter as sterile neutrinos by
increasing their cosmological abundance via new interactions with SM neutrinos

Some constraints from neutrino physics have
already been derived, but they only indirectly probe
the existence of Z’ (with large systematics)

BABAR can directly search for a muonic dark force at
colliders via Z’-strahlung :

Current constraints on Z’

e+e- ’ P�P- Z’, Z’ oP�P- e+e- ’ P�P- Z’, Z’ oQQ

• Flavor experiments produce huge numbers of heavy-flavor leptons, 
giving them good sensitivity!

e�

e+

� ⌧+

⌧�
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LEPTONIC SCALARS
• Look for a dilepton resonance in association with single-track tau 

decays
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tonic decay, they can also be reinterpreted to provide
powerful constraints on other leptonically decaying new
bosons interacting with tau leptons. The Belle II exper-
iment should be able to further probe these possibilities,
and cover the remaining parameter space above the beam
dump constraints.
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FIG. 4: The 90% CL limits on the coupling ⇠ as a function

of the �L mass (green shaded area), together with existing

constraints [9, 10, 12–14] (gray shaded areas) and the param-

eter space preferred by the muon anomalous magnetic mo-

ment [3, 10] (red band).
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LOW MASS LEPTONIC FORCES
• In general, low mass region near/below dimuon threshold is hard 

for B-factories: kaon factories play an important role!

3

FIG. 1. Left: Parameter space for a gauged Lµ � L⌧ SM extension from Sec. II. ↵V = g
2
V /4⇡ where gV is the coupling

strength to the µ� ⌧ current. The light green band is the 2� region accommodating the (g�2)µ anomaly, while the dark green
vertical region is the parameter space for which early universe V ! ⌫⌫̄ decays increase yield �Ne↵ = 0.2 � 0.5, ameliorating
the ⇠ 3.5� tension between cosmological and local measurements of the Hubble rate H0 [23]. We show projections for an
NA62 search for K

+ ! µ
+
⌫µV followed by a prompt invisible V ! ⌫⌫̄ decay (red curve) or a prompt visible V ! µ

+
µ
�

decay (blue curve). Both sensitivities assume the full NA62 luminosity to be recorded by the single muon and di-muon trigger
respectively and systematic errors comparable to the statistical uncertainty (see Sec. IV and Appendix C for more details).
The gray shaded regions are excluded by the BABAR 4µ search [25] and (g� 2)µ. The shaded orange region is the CHARM-II
µ-trident constraint [26, 27]; the dashed curve is the CCFR measurement [28] (see text for a discussion). Right: Same as
left, only the V is now also coupled to a dark matter candidate �, such that BR(V ! ��) ' 1 over the full parameter space.
Note that the H0 band and the BABAR constraints no longer apply because V decays yield neither neutrinos (for H0) nor
muons (for BABAR). The purple bands represent the thermal freeze out parameter space for �� annihilation to SM final states
(neutrinos and muons, where kinematically allowed) through virtual s-channel V exchange. Note that for m� < mµ DM can
only annihilate to neutrinos and hence is not subject to the BBN [29] or CMB [30] energy injection bounds on light DM.

is also absent because this band requires V to decay to
neutrinos after decoupling.

III. SCALAR FORCES

The minimal Lagrangian for a Yukawa muonic force is

L =
1

2
(@µ�)2 �

m
2
�

2
�
2 � y��µ̄µ, (4)

where � is a real scalar particle. The interaction in
Eq. (4) can arise, for instance, by integrating out a heavy,
vectorlike lepton singlets whose mass mixes with the right
handed muon as discussed in Appendix B. In the absence
of additional interactions, for m� > 2mµ, the dominant
decay is � ! µ

+
µ
� with partial width

��!µ+µ� =
↵�m�

2

 
1 �

4m
2
µ

m
2
�

!3/2

, (5)

where ↵� ⌘ y
2
�/4⇡. For m� < 2mµ, the dominant chan-

nel is � ! �� through a muon loop with width

��!�� =
↵
2
EM↵�m

3
�

64⇡2m2
µ

����
2

x2

�
x + (x � 1) arcsin2p

x
�����

2

,

(6)

where x ⌘ m
2
�/4m

2
µ and the lab frame decay length is

`�!�� ⇠ 60m

✓
3 ⇥ 10�6

↵�

◆✓
50 MeV

m�

◆4✓
E�

75 GeV

◆
, (7)

where the m
�4
� scaling accounts for the boost factor. In

this minimal “visibly decaying” scenario, most of our fa-
vored parameter space is below the di-muon threshold,
so the diphoton channel dominates and, for the maxi-
mum � energy ⇠ 75 GeV, nearly all decays occur outside
the NA62 detector to mimick a missing energy signature.
However, a dedicated study is required to identify the
distance beyond which these decays are invisible given
NA62 kinematics and acceptance; we also note that it
may be possible to perform a � ! �� resonance search
if this occurs inside the decay region.

Alternatively, � may decay predominantly to unde-
tected particles (e.g DM) in the “invisibly decaying” sce-
nario. In both cases, the scalar is produced via K ! µ⌫�

processes whose width is computed in Appendix A.
In Fig. 2 we present our NA62 projections for visi-

ble (left) and invisible (right) decays on the ↵� ⌘ y
2
�/4⇡

vs. m� plane assuming 100% branching ratio in both
channels. The main di↵erence relative to the vector case
is that the K ! 3µ⌫ search improves considerably be-
yond the BABAR 4µ bounds; here the e

+
e
� ! µ

+
µ
�

�

Krnjaic et al., 1902.07715 [PRL]
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MULTI-PARTICLE SECTORS
• No one said life would be this simple!

• More is different - highly optimized searches for single-portal 
couplings would miss more realistic hidden sectors

• Balance search coverage with specificity

semi-visible cascade
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Figure 1. Exotic Higgs decays to four leptons induced by intermediate dark photons in the higgsed dark U(1)
model. Left: h ! ZDZ

(⇤)
! 4` via the hypercharge portal. Right: h ! ZDZD ! 4` via the Higgs portal.

hypercharge portal, allowing us to peer deeply into the hidden sector.
Existing data from LHC Run I (7 and 8 TeV run) are already able to set new limits on dark

photons. An initial study in [67] used LHC Run I data to set limits on the exotic Higgs decays
h ! ZZD ! 4` and h ! ZDZD ! 4`, shown in Fig. 1. While the former decay probes a
region in the ✏ � mZD plane that was already disfavored from EWPTs, the latter generates the first
constraints on Higgs portal couplings for dark photon masses above a few GeV. Both analyses are
proofs-of-principle that future exotic Higgs decay searches are sensitive to dark photons. Meanwhile,
experimental searches for the NMSSM-motivated signal h ! aa ! 4µ, in the region ma < 2m⌧ ,
provide limits on Higgs portal couplings for dark photons in the same mass range [83–86] . Other
studies [71, 72] pointed out that existing LHC data constrains the production of dark photons in DY
events, disfavoring previously open parameter space.

The upcoming HL-LHC and a future 100 TeV collider will significantly extend the sensitivity
of these direct searches. Furthermore, the LHC and a future ILC/GigaZ collider will improve the
measurement of certain important electroweak precision observables (EWPOs). In this paper, we
compare the reach of all these experimental probes. As part of this comparison, we perform a full fit
to electroweak precision measurements, presenting a new current bound on dark photons, in addition
to forecasting future sensitivity.

The organization of this paper is as follows. Sec. 2 reviews the theory of a kinetically mixed
U(1)D. Secs. 3, 4, and 5 analyze existing constraints and future prospects for dark photons being
probed via the hypercharge portal only, using EWPOs, the exotic Higgs decay h ! ZZD ! 4`,
and DY events, respectively. If the dark Higgs mixes with the ordinary Higgs, then the decay h !

ZDZD ! 4` opens up, which we discuss in Sec. 6. In Sec. 7 we vary the assumed detector capabilities
at a future 100 TeV proton collider and discuss the impact this has on our limit projections. Sec. 8
contains our conclusions. Supplementary information about calculations in the dark photon model are
provided by three Appendices.

– 3 –
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Figure 1. Illustration of dark shower production at the LHC (left) via Z 0 exchange with
p
s ⇠ mZ0

and at Belle II (right) via the e↵ective interaction in eq. (2.4) (represented by the shaded circle)
with

p
s ⌧ mZ0 .

After transforming to mass eigenstates with canonical kinetic terms, the interaction of the

Z 0 with SM fermions is given by

Lint = �eZ 0
µ

X

f

qff�
µf , (2.3)

where qf denotes the electric charge of the fermion f .

2.2 E↵ective portal interaction

Let us now turn to the production of dark sector states in collisions of SM fermions. If

the centre-of-mass energy
p
s is small compared to the mass of the Z 0 mediator but large

compared to the dark confinement scale ⇤d, we can describe the interaction of the dark

sector with SM particles in terms of the e↵ective four-fermion operator

Le↵ � 1

⇤2

X

f

qf f̄�
µf q̄d�µqd , (2.4)

with

⇤ =
mZ0

p
eed

. (2.5)

The corresponding production cross section scales like

�(ff̄ ! qdq̄d) /
s

⇤4
. (2.6)

The dark quarks subsequently undergo fragmentation and hadronisation in the hidden

sector resulting in a dark shower consisting of a mix of di↵erent dark meson species (see

figure 1). In the model considered here, most of these dark mesons are stable and hence

remain invisible to the detector. The only exception are the unstable ⇢0d mesons, which are

– 4 –
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(inv)

• In dark Higgs-dark photon model, 
can look for associated production 
of dark Higgs + dark photon

Batell, Pospelov, Ritz, 0903.0363 [PRD]
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MULTI-LEPTONS IN MESON DECAYS

Hostert, Pospelov, 2012.02142 [PRD]

6

<latexit sha1_base64="sLJthRVyTOlRIl7K/+vSSPnzNkE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix6Eby0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKNXjNM=</latexit>

K
<latexit sha1_base64="sLJthRVyTOlRIl7K/+vSSPnzNkE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix6Eby0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKNXjNM=</latexit>

K

<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd

<latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫ <latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫

<latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫
<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d
<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="+KAKVbmmqowuvs8SEi5oMHbQIqc=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSIIQklE0WPRi8cK9gPaWDbbSbt2kw27G6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0DJVDOtMCqlaAdUoeIx1w43AVqKQRoHAZjC8mfjNJ1Say/jejBL0I9qPecgZNVZqdFCIh9NuqexW3CnIIvFyUoYctW7pq9OTLI0wNkxQrduemxg/o8pwJnBc7KQaE8qGtI9tS2Maofaz6bVjcmyVHgmlshUbMlV/T2Q00noUBbYzomag572J+J/XTk145Wc8TlKDMZstClNBjCST10mPK2RGjCyhTHF7K2EDqigzNqCiDcGbf3mRNM4q3kXFvTsvV6/zOApwCEdwAh5cQhVuoQZ1YPAIz/AKb450Xpx352PWuuTkMwfwB87nDyvRjtw=</latexit>

`+

<latexit sha1_base64="OO0BYobMjPizjYDtVdsKLrNY0n8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXFD0GvQheIpoHJGuYncwmQ2Znl5leISz5BC8eFPHqF3nzb5w8DppY0FBUddPdFSRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZONeM1FstYNwNquBSK11Cg5M1EcxoFkjeCwfXYbzxxbUSsHnCYcD+iPSVCwSha6f728aRTLLlldwKySLwZKcEM1U7xq92NWRpxhUxSY1qem6CfUY2CST4qtFPDE8oGtMdblioaceNnk1NH5MgqXRLG2pZCMlF/T2Q0MmYYBbYzotg3895Y/M9rpRhe+plQSYpcsemiMJUEYzL+m3SF5gzl0BLKtLC3EtanmjK06RRsCN78y4ukflr2zsvu3VmpcjWLIw8HcAjH4MEFVOAGqlADBj14hld4c6Tz4rw7H9PWnDOb2Yc/cD5/AL3IjXA=</latexit>
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FIG. 2. Kaon decay diagrams in minimal and extended U(1)d dark sectors that lead to observable 2(e+e�) signatures.

jets at the LHC [69–73], which have been searched at AT-
LAS [74–76] and CMS [77] at larger dark photon masses.
We do not find any limits in the region m�d < 100 MeV,
but we note that the current model predicts branching
ratios for two-lepton as well as four-lepton jet final states
as large as 10%. At large masses, these searches place
constraints on ��H as strong as ��H < 10�4, which, if
extended to lower masses, are complementary to the kaon
decay searches, which are sensitive to ✓ instead.

B. Singlet-scalar extension

As a direct application of our previous work [31], one
can compute the BR for K ! (hd)⇤ ! �d�d in the min-
imal model of Eq. (8) to find that current constraints
on the SM Higgs decays limit �d to a small value and
require B(KL ! �d�d) . 10�17. This suppression is a
consequence of the hierarchy of scales appearing in K de-
cays, (mK/EW)4, when compared to h ! �d�d decays
(EW/EW)4. Here EW stands for a heavy mass scale,
such as mh, mW , etc. This scaling, however, is not a
generic feature of Higgs portal models. For instance, if
in addition to the dark Higgs we also allowed for a real
scalar S with super-renormalizable couplings to the SM
and DS Higgses, then kaon and Higgs decays to the DS
would both proceed via exchange of virtual S, and kaon
decays would be suppressed by m4

K
/(m2

S
⇥EW2) instead.

More specifically, we consider a trivial extension of
Eq. (8) by

LS = @µS@µS � m2
S
S2 � AHH†HS � A''†'S. (15)

Under the hierarchy of vd ⌧ mS ⌧ v, the small mixing
angles between the scalars are simply ✓Sh ' AH/(2�v)
and ✓Shd ' A'vd/(m2

hd
� m2

S
).

We are particularly interested in singlet scalars above
the kaon mass, mS & 500 MeV, which do not violate
constraints from Higgs decays. Requiring that B(H !
�d�d) < 10% for mS = 1 GeV, mhd = 100 MeV, we find
A'AH ⇠ 10 MeV2. Note that such values are natural, in
the sense that corrections to mS , m', and A',H them-
selves, are never too large in the region of interest [78].

1. K ! 2(e+e�)

We compute the rate for KL as well as h decays to
dark photons, leaving the details to Appendix A, where
for the CP -odd KL state, we find

B(KL ! �d�d) ' 5 ⇥ 10�8 ⇥
✓

B(h ! �d�d)

10%

◆
(16)

⇥
✓

m4
K

(m2
K

� m2
S
)2 + m2

S
�2

S

◆
,

which for a narrow resonance with mS = 1 GeV,
takes values of 5 ⇥ 10�9. For the decays of CP -even
KS states, we find an enhancement of the rate by ⇡
(Re{V ⇤

ts
Vtd}/ Im{V ⇤

ts
Vtd})2 ⇡ 5.2, which corresponds to

B(KS ! �d�d) ' 5.2 ⇥
✓

⌧KS

⌧KL

◆
⇥ B(KL ! �d�d) (17)

' 9 ⇥ 10�3 ⇥ B(KL ! �d�d).

The rate in Eq. (16) is enhanced when mS ⇠ mK , but
should not exceed the measurement in Eq. (4). A ded-
icated search for visible resonances would improve con-
straints in the current scenario.

We note also that decays to muons can also con-
tribute in this case as mK > 4mµ. In that case,
the branching ratio for K ! (�d ! e+e�)(�d !
µ+µ�) will be larger than the four muon case and
will be severely constrained by the KTEV measurement,
B(KL ! e+e�µ+µ�)|KTEV = (2.69 ± 0.27) ⇥ 10�9 [79],
where we summed statistical and systematic errors in
quadrature.

C. Missing energy from a dark neutrino sector

All cases considered thus far have involved only bosonic
dark particles produced via Higgs portal couplings. An
additional possibility is the production of the DS through
the neutrino portal, where missing energy will be neces-
sarily present. A minimal model is

LDS�⌫ = NRi/@NR + NLi /DNL (18)

+ ydNL'NR + y↵L↵
eHNR,

• Hidden sector models can easily give 2 or more lepton pairs in 
decays of kaons and pions!
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<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd

<latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫ <latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫

<latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫
<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d
<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="+KAKVbmmqowuvs8SEi5oMHbQIqc=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSIIQklE0WPRi8cK9gPaWDbbSbt2kw27G6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0DJVDOtMCqlaAdUoeIx1w43AVqKQRoHAZjC8mfjNJ1Say/jejBL0I9qPecgZNVZqdFCIh9NuqexW3CnIIvFyUoYctW7pq9OTLI0wNkxQrduemxg/o8pwJnBc7KQaE8qGtI9tS2Maofaz6bVjcmyVHgmlshUbMlV/T2Q00noUBbYzomag572J+J/XTk145Wc8TlKDMZstClNBjCST10mPK2RGjCyhTHF7K2EDqigzNqCiDcGbf3mRNM4q3kXFvTsvV6/zOApwCEdwAh5cQhVuoQZ1YPAIz/AKb450Xpx352PWuuTkMwfwB87nDyvRjtw=</latexit>

`+

<latexit sha1_base64="OO0BYobMjPizjYDtVdsKLrNY0n8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXFD0GvQheIpoHJGuYncwmQ2Znl5leISz5BC8eFPHqF3nzb5w8DppY0FBUddPdFSRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZONeM1FstYNwNquBSK11Cg5M1EcxoFkjeCwfXYbzxxbUSsHnCYcD+iPSVCwSha6f728aRTLLlldwKySLwZKcEM1U7xq92NWRpxhUxSY1qem6CfUY2CST4qtFPDE8oGtMdblioaceNnk1NH5MgqXRLG2pZCMlF/T2Q0MmYYBbYzotg3895Y/M9rpRhe+plQSYpcsemiMJUEYzL+m3SF5gzl0BLKtLC3EtanmjK06RRsCN78y4ukflr2zsvu3VmpcjWLIw8HcAjH4MEFVOAGqlADBj14hld4c6Tz4rw7H9PWnDOb2Yc/cD5/AL3IjXA=</latexit>

K+

<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd

<latexit sha1_base64="sLJthRVyTOlRIl7K/+vSSPnzNkE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix6Eby0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKNXjNM=</latexit>

K

<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd
<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d
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FIG. 2. Kaon decay diagrams in minimal and extended U(1)d dark sectors that lead to observable 2(e+e�) signatures.

jets at the LHC [69–73], which have been searched at AT-
LAS [74–76] and CMS [77] at larger dark photon masses.
We do not find any limits in the region m�d < 100 MeV,
but we note that the current model predicts branching
ratios for two-lepton as well as four-lepton jet final states
as large as 10%. At large masses, these searches place
constraints on ��H as strong as ��H < 10�4, which, if
extended to lower masses, are complementary to the kaon
decay searches, which are sensitive to ✓ instead.

B. Singlet-scalar extension

As a direct application of our previous work [31], one
can compute the BR for K ! (hd)⇤ ! �d�d in the min-
imal model of Eq. (8) to find that current constraints
on the SM Higgs decays limit �d to a small value and
require B(KL ! �d�d) . 10�17. This suppression is a
consequence of the hierarchy of scales appearing in K de-
cays, (mK/EW)4, when compared to h ! �d�d decays
(EW/EW)4. Here EW stands for a heavy mass scale,
such as mh, mW , etc. This scaling, however, is not a
generic feature of Higgs portal models. For instance, if
in addition to the dark Higgs we also allowed for a real
scalar S with super-renormalizable couplings to the SM
and DS Higgses, then kaon and Higgs decays to the DS
would both proceed via exchange of virtual S, and kaon
decays would be suppressed by m4

K
/(m2

S
⇥EW2) instead.

More specifically, we consider a trivial extension of
Eq. (8) by

LS = @µS@µS � m2
S
S2 � AHH†HS � A''†'S. (15)

Under the hierarchy of vd ⌧ mS ⌧ v, the small mixing
angles between the scalars are simply ✓Sh ' AH/(2�v)
and ✓Shd ' A'vd/(m2

hd
� m2

S
).

We are particularly interested in singlet scalars above
the kaon mass, mS & 500 MeV, which do not violate
constraints from Higgs decays. Requiring that B(H !
�d�d) < 10% for mS = 1 GeV, mhd = 100 MeV, we find
A'AH ⇠ 10 MeV2. Note that such values are natural, in
the sense that corrections to mS , m', and A',H them-
selves, are never too large in the region of interest [78].

1. K ! 2(e+e�)

We compute the rate for KL as well as h decays to
dark photons, leaving the details to Appendix A, where
for the CP -odd KL state, we find

B(KL ! �d�d) ' 5 ⇥ 10�8 ⇥
✓

B(h ! �d�d)

10%

◆
(16)

⇥
✓

m4
K

(m2
K

� m2
S
)2 + m2

S
�2

S

◆
,

which for a narrow resonance with mS = 1 GeV,
takes values of 5 ⇥ 10�9. For the decays of CP -even
KS states, we find an enhancement of the rate by ⇡
(Re{V ⇤

ts
Vtd}/ Im{V ⇤

ts
Vtd})2 ⇡ 5.2, which corresponds to

B(KS ! �d�d) ' 5.2 ⇥
✓

⌧KS

⌧KL

◆
⇥ B(KL ! �d�d) (17)

' 9 ⇥ 10�3 ⇥ B(KL ! �d�d).

The rate in Eq. (16) is enhanced when mS ⇠ mK , but
should not exceed the measurement in Eq. (4). A ded-
icated search for visible resonances would improve con-
straints in the current scenario.

We note also that decays to muons can also con-
tribute in this case as mK > 4mµ. In that case,
the branching ratio for K ! (�d ! e+e�)(�d !
µ+µ�) will be larger than the four muon case and
will be severely constrained by the KTEV measurement,
B(KL ! e+e�µ+µ�)|KTEV = (2.69 ± 0.27) ⇥ 10�9 [79],
where we summed statistical and systematic errors in
quadrature.

C. Missing energy from a dark neutrino sector

All cases considered thus far have involved only bosonic
dark particles produced via Higgs portal couplings. An
additional possibility is the production of the DS through
the neutrino portal, where missing energy will be neces-
sarily present. A minimal model is

LDS�⌫ = NRi/@NR + NLi /DNL (18)

+ ydNL'NR + y↵L↵
eHNR,

6
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<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

<latexit sha1_base64="5KHB8FxNb0KZ2NdZSp+ZM1JPCKA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS/b5XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVbc+kW5epPHUYBjOIEz8OAKqnAHNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/p+OM1g==</latexit>

N

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d
<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="+KAKVbmmqowuvs8SEi5oMHbQIqc=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSIIQklE0WPRi8cK9gPaWDbbSbt2kw27G6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSATXxnW/naXlldW19cJGcXNre2e3tLff0DJVDOtMCqlaAdUoeIx1w43AVqKQRoHAZjC8mfjNJ1Say/jejBL0I9qPecgZNVZqdFCIh9NuqexW3CnIIvFyUoYctW7pq9OTLI0wNkxQrduemxg/o8pwJnBc7KQaE8qGtI9tS2Maofaz6bVjcmyVHgmlshUbMlV/T2Q00noUBbYzomag572J+J/XTk145Wc8TlKDMZstClNBjCST10mPK2RGjCyhTHF7K2EDqigzNqCiDcGbf3mRNM4q3kXFvTsvV6/zOApwCEdwAh5cQhVuoQZ1YPAIz/AKb450Xpx352PWuuTkMwfwB87nDyvRjtw=</latexit>

`+

<latexit sha1_base64="OO0BYobMjPizjYDtVdsKLrNY0n8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgCGFXFD0GvQheIpoHJGuYncwmQ2Znl5leISz5BC8eFPHqF3nzb5w8DppY0FBUddPdFSRSGHTdbye3tLyyupZfL2xsbm3vFHf36iZONeM1FstYNwNquBSK11Cg5M1EcxoFkjeCwfXYbzxxbUSsHnCYcD+iPSVCwSha6f728aRTLLlldwKySLwZKcEM1U7xq92NWRpxhUxSY1qem6CfUY2CST4qtFPDE8oGtMdblioaceNnk1NH5MgqXRLG2pZCMlF/T2Q0MmYYBbYzotg3895Y/M9rpRhe+plQSYpcsemiMJUEYzL+m3SF5gzl0BLKtLC3EtanmjK06RRsCN78y4ukflr2zsvu3VmpcjWLIw8HcAjH4MEFVOAGqlADBj14hld4c6Tz4rw7H9PWnDOb2Yc/cD5/AL3IjXA=</latexit>

K+

<latexit sha1_base64="j9JFVFD3Ckskm1EQysQQdgqvyJU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1EPjdE=</latexit>⇡

<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd

<latexit sha1_base64="sLJthRVyTOlRIl7K/+vSSPnzNkE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix6Eby0YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZK9fteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1lx6xfl6k0eRwGO4QTOwIMrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AKNXjNM=</latexit>

K

<latexit sha1_base64="Sighwxs0sV6B0RrmxXG8AS9l4Nk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8eK1hbaUDabSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGLZYIhLVCahGwSW2DDcCO6lCGgcC28HoZuq3n1BpnsgHM07Rj+lA8ogzaqx0P+yH/WrNrbszkGXiFaQGBZr96lcvTFgWozRMUK27npsaP6fKcCZwUullGlPKRnSAXUsljVH7+ezUCTmxSkiiRNmShszU3xM5jbUex4HtjKkZ6kVvKv7ndTMTXfk5l2lmULL5oigTxCRk+jcJuUJmxNgSyhS3txI2pIoyY9Op2BC8xZeXyeNZ3buou3fntcZ1EUcZjuAYTsGDS2jALTShBQwG8Ayv8OYI58V5dz7mrSWnmDmEP3A+fwBB7o3H</latexit>

hd
<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

<latexit sha1_base64="E1ssSe9Y9BGw1cbPs4F9tk8ja2Q=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnBPiANYTKZtEPnEWZuhBL6GW5cKOLWr3Hn3zhts9DWAxcO59zLvffEGWcGPO/bqaytb2xuVbdrO7t7+wf1w6OuUbkmtEMUV7ofY0M5k7QDDDjtZ5piEXPai8d3M7/3RLVhSj7CJKOhwEPJUkYwWCkYDLEQOCqiZBrVG17Tm8NdJX5JGqhEO6p/DRJFckElEI6NCXwvg7DAGhjhdFob5IZmmIzxkAaWSiyoCYv5yVP3zCqJmyptS4I7V39PFFgYMxGx7RQYRmbZm4n/eUEO6U1YMJnlQCVZLEpz7oJyZ/+7CdOUAJ9Ygolm9laXjLDGBGxKNRuCv/zyKuleNP2rpvdw2WjdlnFU0Qk6RefIR9eohe5RG3UQQQo9o1f05oDz4rw7H4vWilPOHKM/cD5/AICFkWU=</latexit>�d

x x
<latexit sha1_base64="5PREcRNyZ02sJezDoatBYDGd8k8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPXLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDz0uM8A==</latexit>

h
<latexit sha1_base64="6l4H0Xqko7ewaii5aYvsXrB67fY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix68dii/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGivV73ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWtX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDr3eM2w==</latexit>

S

<latexit sha1_base64="yaQAC4N+Wc4gEpxZs3ye6uoSV9o=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSLUS0lE0WPRi8cKpi20oWw2m3btZjfsboQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhS8tMEeoTyaXqhFhTzgT1DTOcdlJFcRJy2g5Ht1O//USVZlI8mHFKgwQPBIsZwcZKLb/mnfWjfqXq1t0Z0DLxClKFAs1+5asXSZIlVBjCsdZdz01NkGNlGOF0Uu5lmqaYjPCAdi0VOKE6yGfXTtCpVSIUS2VLGDRTf0/kONF6nIS2M8FmqBe9qfif181MfB3kTKSZoYLMF8UZR0ai6esoYooSw8eWYKKYvRWRIVaYGBtQ2YbgLb68TFrnde+y7t5fVBs3RRwlOIYTqIEHV9CAO2iCDwQe4Rle4c2Rzovz7nzMW1ecYuYI/sD5/AFbVY5U</latexit>

U(1)d

<latexit sha1_base64="Il4TDSGG/zY4BGjFfF0pS2IgCnQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahIpSkKHosevEkFUxbaEPZbDbt0s0m7m6EEvonvHhQxKt/x5v/xm2bg7Y+GHi8N8PMPD/hTGnb/rYKK6tr6xvFzdLW9s7uXnn/oKXiVBLqkpjHsuNjRTkT1NVMc9pJJMWRz2nbH91M/fYTlYrF4kGPE+pFeCBYyAjWRuq4Vee0H5zd9csVu2bPgJaJk5MK5Gj2y1+9ICZpRIUmHCvVdexEexmWmhFOJ6VeqmiCyQgPaNdQgSOqvGx27wSdGCVAYSxNCY1m6u+JDEdKjSPfdEZYD9WiNxX/87qpDq+8jIkk1VSQ+aIw5UjHaPo8CpikRPOxIZhIZm5FZIglJtpEVDIhOIsvL5NWveZc1Oz780rjOo+jCEdwDFVw4BIacAtNcIEAh2d4hTfr0Xqx3q2PeWvBymcO4Q+szx9gBY7h</latexit>

U(1)d + N
<latexit sha1_base64="5lURKEDbikYr01ypC23HrexOsnE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahIpSkKHosevFY0bSFNpTNZtMu3Wzi7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zM8xPOlLbtb6uwsrq2vlHcLG1t7+zulfcPWipOJaEuiXksOz5WlDNBXc00p51EUhz5nLb90c3Ubz9RqVgsHvQ4oV6EB4KFjGBtpI5bdU77wdl9v1yxa/YMaJk4OalAjma//NULYpJGVGjCsVJdx060l2GpGeF0UuqliiaYjPCAdg0VOKLKy2b3TtCJUQIUxtKU0Gim/p7IcKTUOPJNZ4T1UC16U/E/r5vq8MrLmEhSTQWZLwpTjnSMps+jgElKNB8bgolk5lZEhlhiok1EJROCs/jyMmnVa85Fzb47rzSu8ziKcATHUAUHLqEBt9AEFwhweIZXeLMerRfr3fqYtxasfOYQ/sD6/AFnmY7m</latexit>

U(1)d + S
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U(1)d + N

FIG. 2. Kaon decay diagrams in minimal and extended U(1)d dark sectors that lead to observable 2(e+e�) signatures.

jets at the LHC [69–73], which have been searched at AT-
LAS [74–76] and CMS [77] at larger dark photon masses.
We do not find any limits in the region m�d < 100 MeV,
but we note that the current model predicts branching
ratios for two-lepton as well as four-lepton jet final states
as large as 10%. At large masses, these searches place
constraints on ��H as strong as ��H < 10�4, which, if
extended to lower masses, are complementary to the kaon
decay searches, which are sensitive to ✓ instead.

B. Singlet-scalar extension

As a direct application of our previous work [31], one
can compute the BR for K ! (hd)⇤ ! �d�d in the min-
imal model of Eq. (8) to find that current constraints
on the SM Higgs decays limit �d to a small value and
require B(KL ! �d�d) . 10�17. This suppression is a
consequence of the hierarchy of scales appearing in K de-
cays, (mK/EW)4, when compared to h ! �d�d decays
(EW/EW)4. Here EW stands for a heavy mass scale,
such as mh, mW , etc. This scaling, however, is not a
generic feature of Higgs portal models. For instance, if
in addition to the dark Higgs we also allowed for a real
scalar S with super-renormalizable couplings to the SM
and DS Higgses, then kaon and Higgs decays to the DS
would both proceed via exchange of virtual S, and kaon
decays would be suppressed by m4

K
/(m2

S
⇥EW2) instead.

More specifically, we consider a trivial extension of
Eq. (8) by

LS = @µS@µS � m2
S
S2 � AHH†HS � A''†'S. (15)

Under the hierarchy of vd ⌧ mS ⌧ v, the small mixing
angles between the scalars are simply ✓Sh ' AH/(2�v)
and ✓Shd ' A'vd/(m2

hd
� m2

S
).

We are particularly interested in singlet scalars above
the kaon mass, mS & 500 MeV, which do not violate
constraints from Higgs decays. Requiring that B(H !
�d�d) < 10% for mS = 1 GeV, mhd = 100 MeV, we find
A'AH ⇠ 10 MeV2. Note that such values are natural, in
the sense that corrections to mS , m', and A',H them-
selves, are never too large in the region of interest [78].

1. K ! 2(e+e�)

We compute the rate for KL as well as h decays to
dark photons, leaving the details to Appendix A, where
for the CP -odd KL state, we find

B(KL ! �d�d) ' 5 ⇥ 10�8 ⇥
✓

B(h ! �d�d)

10%

◆
(16)

⇥
✓

m4
K

(m2
K

� m2
S
)2 + m2

S
�2

S

◆
,

which for a narrow resonance with mS = 1 GeV,
takes values of 5 ⇥ 10�9. For the decays of CP -even
KS states, we find an enhancement of the rate by ⇡
(Re{V ⇤

ts
Vtd}/ Im{V ⇤

ts
Vtd})2 ⇡ 5.2, which corresponds to

B(KS ! �d�d) ' 5.2 ⇥
✓

⌧KS

⌧KL

◆
⇥ B(KL ! �d�d) (17)

' 9 ⇥ 10�3 ⇥ B(KL ! �d�d).

The rate in Eq. (16) is enhanced when mS ⇠ mK , but
should not exceed the measurement in Eq. (4). A ded-
icated search for visible resonances would improve con-
straints in the current scenario.

We note also that decays to muons can also con-
tribute in this case as mK > 4mµ. In that case,
the branching ratio for K ! (�d ! e+e�)(�d !
µ+µ�) will be larger than the four muon case and
will be severely constrained by the KTEV measurement,
B(KL ! e+e�µ+µ�)|KTEV = (2.69 ± 0.27) ⇥ 10�9 [79],
where we summed statistical and systematic errors in
quadrature.

C. Missing energy from a dark neutrino sector

All cases considered thus far have involved only bosonic
dark particles produced via Higgs portal couplings. An
additional possibility is the production of the DS through
the neutrino portal, where missing energy will be neces-
sarily present. A minimal model is

LDS�⌫ = NRi/@NR + NLi /DNL (18)

+ ydNL'NR + y↵L↵
eHNR,
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FIG. 2. Kaon decay diagrams in minimal and extended U(1)d dark sectors that lead to observable 2(e+e�) signatures.

jets at the LHC [69–73], which have been searched at AT-
LAS [74–76] and CMS [77] at larger dark photon masses.
We do not find any limits in the region m�d < 100 MeV,
but we note that the current model predicts branching
ratios for two-lepton as well as four-lepton jet final states
as large as 10%. At large masses, these searches place
constraints on ��H as strong as ��H < 10�4, which, if
extended to lower masses, are complementary to the kaon
decay searches, which are sensitive to ✓ instead.

B. Singlet-scalar extension

As a direct application of our previous work [31], one
can compute the BR for K ! (hd)⇤ ! �d�d in the min-
imal model of Eq. (8) to find that current constraints
on the SM Higgs decays limit �d to a small value and
require B(KL ! �d�d) . 10�17. This suppression is a
consequence of the hierarchy of scales appearing in K de-
cays, (mK/EW)4, when compared to h ! �d�d decays
(EW/EW)4. Here EW stands for a heavy mass scale,
such as mh, mW , etc. This scaling, however, is not a
generic feature of Higgs portal models. For instance, if
in addition to the dark Higgs we also allowed for a real
scalar S with super-renormalizable couplings to the SM
and DS Higgses, then kaon and Higgs decays to the DS
would both proceed via exchange of virtual S, and kaon
decays would be suppressed by m4

K
/(m2

S
⇥EW2) instead.

More specifically, we consider a trivial extension of
Eq. (8) by

LS = @µS@µS � m2
S
S2 � AHH†HS � A''†'S. (15)

Under the hierarchy of vd ⌧ mS ⌧ v, the small mixing
angles between the scalars are simply ✓Sh ' AH/(2�v)
and ✓Shd ' A'vd/(m2

hd
� m2

S
).

We are particularly interested in singlet scalars above
the kaon mass, mS & 500 MeV, which do not violate
constraints from Higgs decays. Requiring that B(H !
�d�d) < 10% for mS = 1 GeV, mhd = 100 MeV, we find
A'AH ⇠ 10 MeV2. Note that such values are natural, in
the sense that corrections to mS , m', and A',H them-
selves, are never too large in the region of interest [78].

1. K ! 2(e+e�)

We compute the rate for KL as well as h decays to
dark photons, leaving the details to Appendix A, where
for the CP -odd KL state, we find

B(KL ! �d�d) ' 5 ⇥ 10�8 ⇥
✓

B(h ! �d�d)

10%

◆
(16)

⇥
✓

m4
K

(m2
K

� m2
S
)2 + m2

S
�2

S

◆
,

which for a narrow resonance with mS = 1 GeV,
takes values of 5 ⇥ 10�9. For the decays of CP -even
KS states, we find an enhancement of the rate by ⇡
(Re{V ⇤

ts
Vtd}/ Im{V ⇤

ts
Vtd})2 ⇡ 5.2, which corresponds to

B(KS ! �d�d) ' 5.2 ⇥
✓

⌧KS

⌧KL

◆
⇥ B(KL ! �d�d) (17)

' 9 ⇥ 10�3 ⇥ B(KL ! �d�d).

The rate in Eq. (16) is enhanced when mS ⇠ mK , but
should not exceed the measurement in Eq. (4). A ded-
icated search for visible resonances would improve con-
straints in the current scenario.

We note also that decays to muons can also con-
tribute in this case as mK > 4mµ. In that case,
the branching ratio for K ! (�d ! e+e�)(�d !
µ+µ�) will be larger than the four muon case and
will be severely constrained by the KTEV measurement,
B(KL ! e+e�µ+µ�)|KTEV = (2.69 ± 0.27) ⇥ 10�9 [79],
where we summed statistical and systematic errors in
quadrature.

C. Missing energy from a dark neutrino sector

All cases considered thus far have involved only bosonic
dark particles produced via Higgs portal couplings. An
additional possibility is the production of the DS through
the neutrino portal, where missing energy will be neces-
sarily present. A minimal model is

LDS�⌫ = NRi/@NR + NLi /DNL (18)

+ ydNL'NR + y↵L↵
eHNR,
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MULTI-LEPTONS IN MESON DECAYS

Hostert, Pospelov, 2012.02142 [PRD]; see also Goudzovski et al., 2201.07805
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FIG. 1. The branching ratio of KL (top) and K+ (bottom) to multi-lepton final states. In black, we show the SM decay
modes [48] for each relevant multi-lepton final state. The list is exclusive in the charged particle content but inclusive on the
neutral particle content. In blue (second to last column), we show the new physics prediction of a 17 MeV axion, and in violet
(last column) we show the large rates that can be obtained for specific benchmark points in the dark sector models.

fore, the probability to mimic a multiplicity of n (e+e�)
pairs decreases with larger n, as it relies on double
Dalitz, ⇡0

DD ! 2(e+e�), or multiple single Dalitz decays,
⇡0

D ! �e+e�. We illustrate this e↵ect in Fig. 1, where all
SM decays containing a fixed number of (e+e�) pairs are
shown. We do not show modes with additional charged
particles but include modes with additional neutral par-
ticles.

The power to reject the backgrounds in Fig. 1 will de-
pend crucially on the experimental e�ciency to detect

and veto additional neutral particles produced alongside
the desired final state. This is most important for ⇡0

Dalitz decays, where the photon can be emitted at large
angles and be very soft. The Dalitz rate, however, can
also be reduced by requiring that mee is either larger
or smaller than m⇡. For instance, NA62 was able to
reach sensitivities of O(10�10) in the lepton-number vi-
olating K+ ! ⇡�e+e+ decays [56], and, in the same
analysis, conclude that the SM decays K+ ! ⇡+e+e�

were observed with a negligible background in the region

• Many BSM decay rates can be above corresponding SM rates
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MORE INCLUSIVE SEARCHES
• All of these searches are hyper-targeted for specific production and 

decay of a new particle

• Can we design something that can cover more general possibilities?
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MORE INCLUSIVE SEARCHES
• There are a few searches for 2-body long-lived decays that are 

inclusive of production, but require reconstruction of a resonance 
and some final-state combinations are missing

5

the strongest dependence is observed for track momen-
tum p < 0.3GeV/c, where ε is decreased by 22% relative
to that of a uniform cos θ distribution. For p > 2 GeV/c,
ε varies by no more than 8%. Similarly, the efficiency
depends weakly on whether L is a scalar or a vector par-
ticle. For a longitudinally polarized vector, ε typically
varies by a few percent relative to the scalar case, with
the greatest impact being an efficiency reduction of 25%
for pT < 0.3GeV/c, m = 7GeV/c2.
The dominant source of background consists of

hadronic events with high track multiplicity, where large-
d0 tracks originate mostly from K0

S
, Λ, K±, and π± de-

cays, as well as particle interactions with detector mate-
rial. Random overlaps of such tracks comprise the ma-
jority of the background candidates.
We extract the signal yield for each final state as a

function of L mass with unbinned extended maximum-
likelihood fits of the m distribution. The procedure is
based on the fact that signal MC events peak in m while
the background distribution varies slowly. The fit proba-
bility density functions (PDFs) for signal and background
are constructed separately for each mode and each data
sample. The PDFs account for the signal mass resolu-
tion, which is evaluated separately in each of 11 mass re-
gions, where each region straddles the mMC

0 value of one
of the signal MC samples of the first type. In region i, the
value of the signal PDF for a candidate with hypothesis
mass m0, measured mass m, and mass resolution uncer-
tainty σm is P i

S(m) = Hi
S ((m−m0)/σm), where Hi

S(x)
is the histogram of the mass pull x = (mMC−mMC

0 )/σMC
m

for signal MC events of true mass mMC
0 , measured mass

mMC, and mMC uncertainty σMC
m . This PDF accounts

correctly for the large variation in σm with r and m.
The background PDF PB(m) is obtained from the

data, so as not to rely on the background simulation,
with the following procedure. First, we create a variable-
bin-width histogram HD(m) of the data m distribution.
The width of a histogram bin, whose lower edge is in
m region i, is wi = nRi, where n = 15, and Ri is the
RMS width of the signal m − mMC

0 distribution in that
region. The value of Ri ranges from about 6MeV/c2 for
mMC

0 = 0.5GeV/c2 to 180MeV/c2 for mMC
0 = 9.5GeV/c2.

We obtain PB(m) by fitting HD(m) with a second-order
polynomial spline, with knots located at the bin bound-
aries. Simulation studies of the background mass distri-
bution show that the choice n = 15 is sufficiently large
to prevent PB(m) from conforming to signal peaks and
thus hiding statistically significant signals, yet sufficiently
small to avoid high false-signal yields due to background
fluctuations. Fig. 1 shows the m distributions of the data
(with uniform mass bins) and the background PDFs.
We scan the data in search of an L signal, varying

m0 in steps of 2MeV/c2. At each scan point, we fit the
data in the full mass range using the PDF nSPS+nBPB,
where the signal and background yields nS and nB are
determined in the fit. The statistical significance S =
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FIG. 1: Mass distribution of the Υ (4S) + off-resonance data
(red solid points) and Υ (3S)+Υ (2S) data (blue open squares)
for each mode, overlaid with the background PDF PB in
matching color. In the µ+µ− mode, the bin width in the
range m < 370MeV/c2 is 10MeV/c2.

sign(nS)
√

2 log(LS/LB), where LS is the maximum like-
lihood for ns signal events over the background yield,
and LB is the likelihood for nS = 0, is calculated for
each scan point. The distributions of S values for all the
scan points are nearly normal.

Significance values greater than 3 are found in two
scan points, both in the µ+µ− mode in the Υ (4S) +
off-resonance sample. The highest significance is S = 4.7,
with a signal yield of 13 events at the low-mass threshold
of m0 = 0.212GeV/c2. The second-highest significance
of S = 4.2 occurs at m0 = 1.24GeV/c2, corresponding
to a signal yield of 10 events. To obtain the p-values
for these significances, we perform the scans on a large
number of mµ+µ− spectra generated according to the
background PDF, obtained from the data with a finer
binning of n = 5. With this choice of n, the generated
spectra are not sensitive to fluctuations of the order of
the signal resolution (which correspond to n = 1), yet
include features that are much smaller than the resolu-
tion of the PDF (n = 15). We find that the probability
for S ≥ 4.7 (4.2) anywhere in the µ+µ− spectrum with
mµ+µ− < 0.37GeV/c2 (mµ+µ− > 0.5GeV/c2) is 4× 10−4
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extends into the search region. A dedicated study of this region is presented in a search for
K

0

S
! µ

+
µ
� decays [40].

4 Signal searches

The signal-search strategies and methods employed are similar to those used in Ref. [15].
The dimuon mass spectra are scanned in around 6000 steps of about �[m(µ+

µ
�)]/2

searching for X ! µ
+
µ
� contributions. For m(X) < 20GeV, the data are binned in

pT(X) and each pT bin is searched independently for each m(X) hypothesis; whereas
at higher masses, pT bins are not necessary since both the resolution and e�ciency are
nearly independent of pT(X). All searches use the profile likelihood method to determine
the local p-values and the confidence intervals on the signal yields. The trial factors are
obtained using pseudoexperiments in each search. The confidence intervals are defined
using the bounded likelihood approach [41], which involves taking � logL relative to zero
signal, rather than the best-fit value, if the best-fit signal value is negative. This approach
enforces that only physical (nonnegative) upper limits are placed on the signal yields,
and prevents defining exclusion regions that are much better than the experimental
sensitivity in cases where a large deficit in the background yield is observed. The signal
m(µ+

µ
�) distributions are well modeled by a Gaussian function, whose resolution is

determined with 10% precision using a combination of simulated X!µ
+
µ
� decays and

the observed pT-dependent widths of the large known resonance peaks present in the data.
The mass-resolution uncertainty is included in the profile likelihood. The potential bias
due to neglecting non-Gaussian components of the signal shape is much smaller than the
uncertainty that arises from the limited knowledge of the mass resolution.

The fit strategy used in the searches for prompt X!µ
+
µ
� decays below 20GeV, which

is the same as in Refs. [14,15], was first introduced in Ref. [42]. At each m(X) hypothesis,
a binned extended maximum-likelihood fit is performed in a ±12.5 �[m(µ+

µ
�)] window

around the m(X) value. Near the dimuon threshold, the energy released in the decay,
Q =

p
m(µ+µ�)2 � 4m(µ)2, is used instead of the mass because it is easier to model. The

background model for each fit window takes as input a large set of potential components,
then the data-driven model-selection process of Ref. [42] is performed, whose uncertainty
is included in the profile likelihood following Ref. [43]. Specifically, the method labeled
aic-o in Ref. [42] is used, where the log-likelihood of each background model is penalized

5

LHCb, 2007.03923 [JHEP]

• Proposal for similar search at Belle II to 
cover dark shower model

Bernreuther et al., 2203.08824



10°1 100 101

mA0 [GeV]

10°6

10°5

10°4

10°3

10°2

10°1

100

"

LEP

(g ° 2)µ ± 2æ

(g ° 2)µ + 5æ

Acceptance

10°1

10°3

10°5

10°7

20

MORE INCLUSIVE SEARCHES
• What could we be missing? Consider simple model of dark photon 

decaying into long-lived particles,
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A0 ! �̄�

• If we take away all model-
dependent searches that 
rely on exclusive       decay 
modes, lots of open 
parameters!
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10-evt sensitivity for search 
with indicated efficiency• Consider Belle II, 50/ab 

reach
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MORE INCLUSIVE SEARCHES
• Requiring at least 2 displaced vertices with 3 or more tracks can 

almost completely eliminate background without exclusive 
reconstruction of final state decay

• Studied range of production modes, and decays (classified by EFT)

M. Acevedo, A. Blackburn, N. Blinov, B. Shuve, M. Stone, 2105.12744 [JHEP]
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Figure 6: Cross-section sensitivity in fb of Belle II based on 10 signal events in a 50 ab�1 dataset
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row shows the result of demanding at least 2 (3) charged tracks from two displaced vertices.
The left (right) column fixes mA0 = 4 (8) GeV. The white dashed contours correspond to a
production cross section of 10�2 fb, which is roughly equivalent to " ⇠ 10�5 for mA0  8 GeV.
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ε = 10-5
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10 evt, 50 ab�1 at Belle II

• Cover wide range of scenarios 
(including with invisible final 
states) with a single search!



22

HD
ƔD

gD

ZDWD

νDψD

χD

ξD

Hidden sectors among the best 
motivation for new (low-mass) physics

Flavor experiments ideal for 
hidden sector searches

A0

�̄1

�2

�1

A0⇤

`+

`�
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Combination of targeted & inclusive 
searches can lead to new discoveries!
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Figure 4.2: Production (left) and subsequent decay (right) of the particle NI .

the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2–4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of NI is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon first conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by definition they are produced or detected as flavour
states (ie. the states that couple to the e, µ and ⌧ leptons respectively). However, such states
of a definite flavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates
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Figure 2: Left: reconstructed m2
miss distributions for data and the estimated background. The

full uncertainties (±1�) in each mass bin of the background spectrum for m2
miss > 0 are shown

with a contour. The boundaries of the SM signal region |m2
miss| < 0.01 GeV2/c4 used for normal-

isation are indicated with arrows. Top-right: the region m2
miss > 0.03 GeV2/c4, with simulated

hypothetical K+
! µ+⌫X (scalar mediator model, two mX values) and K+

! µ+⌫⌫⌫̄ signals
with branching fractions of 10�4. Bottom-right: ratio of data and simulated spectra in the region
m2

miss > 0.03 GeV2/c4 with the full uncertainties. Systematic components of the uncertainties
are correlated among the bins.

8 m to 35 m depending on the angle between the K+ momentum in the laboratory frame
and the muon momentum in the K+ rest frame.

• Backgrounds fromK+ decays to multiple detectable particles are suppressed by veto condi-
tions. The muon track must not form a vertex with any additional STRAW track segment.
Energy deposits are not allowed in the LKr calorimeter that are spatially incompatible with
the muon track within 12 ns of the muon time. No activity is allowed in the large-angle
(LAV) or small-angle (SAC, IRC) photon veto detectors within 3 ns of the muon time,
or in the CHANTI detector within 4 ns of the muon time. No more than two signals
in the CHOD tiles within 6 ns of the muon time, and no more than three signals in the
RICH PMTs within 3 ns of the muon time, spatially incompatible with the muon track,
are allowed. Data loss due to the veto conditions from accidental activity (random veto)
averaged over the data sample is measured to be about 30%.

The squared missing mass is computed as m2
miss = (PK � Pµ)2, where PK and Pµ are the

kaon and muon 4-momenta, obtained from the 3-momenta measured by the GTK and STRAW
spectrometers under the K+ and µ+ mass hypotheses.

Monte Carlo simulations of particle interactions with the detector and its response are per-
formed with a software package based on the Geant4 toolkit [13]. The m2

miss spectra of the
selected events from data and simulated samples, and their ratio, are displayed in Fig. 2. The
signal from the SM leptonic decay K+

! µ+⌫ is observed as a peak at m2
miss = 0 with a reso-

lution of 1.5⇥ 10�3 GeV2/c4, and the SM signal region is defined in terms of the reconstructed
squared missing mass as |m2

miss| < 0.01 GeV2/c4. In contrast, the K+
! µ+N , K+

! µ+⌫X
and K+

! µ+⌫⌫⌫̄ decays are characterised by larger m2
miss values.
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FIG. 5. Upper limit (95% C.L.) on the ALP-photon cou-
pling from this analysis and previous constraints from electron
beam-dump experiments and e+e� ! �+invisible [6, 9], pro-
ton beam-dump experiments [8], e+e� ! �� [11], a photon-
beam experiment [12], and heavy-ion collisions [13].

In conclusion, we search for e+e� ! �a, a ! �� in the
ALP mass range 0.2 < ma < 9.7GeV/c2 using Belle II
data corresponding to an integrated luminosity of
445 pb�1. We do not observe any significant excess of
events consistent with the signal process and set 95%C.L.
upper limits on the photon coupling ga�� at the level of
10�3 GeV�1. These limits, the first obtained for the fully
reconstructed three-photon final state, are more restric-
tive than existing limits from LEP-II [11]. In the future,
with increased luminosity, Belle II is expected to improve
the sensitivity to ga�� by more than one order of magni-
tude [6].
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• See this morning’s talk by Diego Redigolo!
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MULTI-LEPTONS IN MESON DECAYS

Hostert, Pospelov, 2012.02142 [PRD]

• Many BSM decay rates can be above corresponding SM rates
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FIG. 1. The branching ratio of KL (top) and K+ (bottom) to multi-lepton final states. In black, we show the SM decay
modes [48] for each relevant multi-lepton final state. The list is exclusive in the charged particle content but inclusive on the
neutral particle content. In blue (second to last column), we show the new physics prediction of a 17 MeV axion, and in violet
(last column) we show the large rates that can be obtained for specific benchmark points in the dark sector models.

fore, the probability to mimic a multiplicity of n (e+e�)
pairs decreases with larger n, as it relies on double
Dalitz, ⇡0

DD ! 2(e+e�), or multiple single Dalitz decays,
⇡0

D ! �e+e�. We illustrate this e↵ect in Fig. 1, where all
SM decays containing a fixed number of (e+e�) pairs are
shown. We do not show modes with additional charged
particles but include modes with additional neutral par-
ticles.

The power to reject the backgrounds in Fig. 1 will de-
pend crucially on the experimental e�ciency to detect

and veto additional neutral particles produced alongside
the desired final state. This is most important for ⇡0

Dalitz decays, where the photon can be emitted at large
angles and be very soft. The Dalitz rate, however, can
also be reduced by requiring that mee is either larger
or smaller than m⇡. For instance, NA62 was able to
reach sensitivities of O(10�10) in the lepton-number vi-
olating K+ ! ⇡�e+e+ decays [56], and, in the same
analysis, conclude that the SM decays K+ ! ⇡+e+e�

were observed with a negligible background in the region


