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Is there a similar chart 
for number densities? 
Looks very different

Atoms
In Energy chart they are
4%. In number density 
chart ~ 5 ×10-10 relative to g

We have no idea about DM number densities. (WIMPs ~ 10-8 cm-3; 
axions ~ 109 cm-3. Dark Radiation, Dark Forces – Who knows!). 

Number density chart for axionic universe:    

Lack of precise knowledge about nature of dark matter leaves a lot of 
room for existence of dark radiation, and dark forces – dark sector in 
general.  
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Typical BSM model-independent approach is to include all possible 
BSM operators once very heavy new physics is integrated out

New IR degrees of freedom = light (e.g. 
sub-eV) beyond-Standard-Model states

LSM+BSM= - mH
2 (H+

SMHSM) + all dim 4 terms (ASM, ySM,  HSM) + 

(Wilson coeff. /L2) × Dim 6 etc (ASM, ySM,  HSM)  + …

But is this framework really all-inclusive – it is motivated by new 
heavy states often with sizeable couplings?

The alternative possibility for New Physics – weakly coupled light new 
physics - is equally viable 
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Typical BSM model-independent approach is to include all possible 
BSM operators once very heavy new physics is integrated out

New IR degrees of freedom = light (e.g. 
sub-eV) beyond-Standard-Model states

LSM+BSM= - mH
2 (H+

SMHSM) + all dim 4 terms (ASM, ySM,  HSM) + 

(W.coeff. /L2) × Dim 6 etc (ASM, ySM,  HSM)  + …

all lowest dimension portals (ASM, ySM,  H, ADS, yDS,  HDS) ×
portal couplings

+ dark sector interactions (ADS, yDS,  HDS)

SM = Standard Model

DS – Dark Sector



A simple model of dark sector

§ “Effective” charge of the “dark sector” particle c is Q = e × e
(if momentum scale q > mV ). At q < mV one can say that 
particle c has a non-vanishing EM charge radius, . 

§ Dark photon can “communicate” interaction between SM and 
dark matter. Very light c can be possible. 6
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Figure 1: The interaction through the exchange by a mixed � � A⇥ propagator between the
SM particles and particles ⌅ charged under new U(1)⇥ group. In the limit of mA� ⇧ 0 the
apparent electromagentioc charge of ⌅ is e⇥.

In the simplest example, a new fermionic field charged under both U(1)’s will gener-
ate an additional contribution to the mixing angle that scales as �⇥ ⇤ g⇥e/(12⇤2) ⇥
log(⇥2

UV /M)2. In principle, the two sectors can be ”several loop removed”, so that one
can entertain a wide range of mixing angles.

2. If both groups are unbroken, mV ⇧ 0, then ⌅ represent the ”millicharged particles”
with electric charge q� = e⇥. For mV ⌥= 0, at |q2| < m2

V , the particles ⌅ can be thought
of as neutral particles with a non-vanishing electric charge radius, r2� ⌃ 6⇥m�2

V . The
diagram, describing basic interaction between the two sectors is shown in Fig. 1.

3. If there are no states charged under U(1)⇥ (or they are very heavy), and mV is taken to
be zero, then the two sectors decouple even at non-zero ⇥. This leads to the suppression
of all interactions for a dark photon inside a medium, if mV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
photons decouple as ⇤ m2

V [8].

4. New vector boson, interacting with the SM via the electromagnetic current, conserves
all discrete symmetries (parity, flavour, CP etc). Also, importaintly, A⇥ does not couple
directly to neutrinos. As a consequence, the interaction strength due to the exchange of
A⇥ can be taken to be stronger than that of weak interactions, (e⇥)2/m2

A� ; (e⇥g⇥)/m2
A� ⌅

GF . This property proves very useful in constructing the light dark matter models with
the use of vector portal.

Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixed A⇥ occurred in last 10 years,
as a response to various astrophysical anomalies, that this model allows to explain in terms
of weakly-interacting dark matter. Subsequent searches of the dark photon triggered new
analyses of the past or existing experiments [11–20], and generated new dedicated experi-
ments in di⇤erent stages of implementation [21–24]. In this chapter, we are going to show
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1.1 Kinetic mixing

Consider a QED-like theory with one (or several) extra vector particle(s), coupled to the
electromagnetic current. A mass term, or in general a mass matrix for the vector states, is
protected against additive renormalization due to the conservation of the electromagnetic
current. If the mass matrix for such vector states has a zero determinant, det(M2

V ) = 0, then
the theory contains one massless vector, to be identified with a photon, and several massive
vector states.

This is the model of ‘paraphotons’, introduced by Okun in early 1980s [6], that can be
reformulated in equivalent language using the kinetic mixing portal. Following Holdom [7],
one writes a QED-like theory with two U(1) groups, supplemented by the cross term in the
kinetic Lagrangian, and a mass term for one of the vector fields.

L = L⌅,A + L⇤,A� � ⇥

2
Fµ⇥F

�
µ⇥ +

1

2
m2

A�(A�
µ)

2. (1.1)

L⌅,A and L⇤,A� are the standard QED-type Lagrangians,

L⌅,A = �1

4
F 2
µ⇥ + ⌅̄[�µ(i⌥µ � eAµ)�m⌅]⌅

L⇤,A� = �1

4
(F �

µ⇥)
2 + ⇤̄[�µ(i⌥µ � g�A�

µ)�m⇤]⇤, (1.2)

with Fµ⇥ and F �
µ⇥ standing for the fields strength tensors. States ⌅ represent the QED

electron fields, and states ⇤ are similar particles, charged under ”dark” U(1)�. In the limit
of ⇥ ⇧ 0, the two sectors become completely decoupled. In eq. (1.1), the mass term for A�

explicitly breaks the second U(1), but is protected from additive renormalization, and hence
is technically natural. Using the equations of motion, ⌥µFµ⇥ = eJEM

⇥ , the interaction term
can be rewritten as

� ⇥

2
Fµ⇥F

�
µ⇥ = A�

µ ⇥ (e⇥)JEM
µ , (1.3)

showing that the new vector particle couples to the electromagnetic current with strength,
reduced by a small factor ⇥. The generalization of (1.1) to the SM is straightforward, by
subsituting the QED U(1) with the hypercharge U(1) of the SM.

There is a multitude of notations and names referring to one and the same model. We
shall call the A� state as ”dark photon”. It can also be called as V (Y ), a vector state coupled
to the hypercharge current. We choose to call the mixing angle ⇥, and throughout this
chapter assume ⇥ ⌅ 1. In contrast, one does not have to assume a smallness of g� coupling,
which can be comparable to the gauge couplings of the SM, g� ⇤ gSM.

Athough the model of this type is exceedingly simple, one can already learn a number of
instructive features.

1. The mixing parameter ⇥ is dimensionless, and therefore can retain information about
the loops of charged particles at some heavy scale M without power-like decoupling.
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Figure 1: The interaction through the exchange by a mixed � � A⇥ propagator between the
SM particles and particles ⌅ charged under new U(1)⇥ group. In the limit of mA� ⇧ 0 the
apparent electromagentioc charge of ⌅ is e⇥.

In the simplest example, a new fermionic field charged under both U(1)’s will gener-
ate an additional contribution to the mixing angle that scales as �⇥ ⇤ g⇥e/(12⇤2) ⇥
log(⇥2
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can entertain a wide range of mixing angles.

2. If both groups are unbroken, mV ⇧ 0, then ⌅ represent the ”millicharged particles”
with electric charge q� = e⇥. For mV ⌥= 0, at |q2| < m2

V , the particles ⌅ can be thought
of as neutral particles with a non-vanishing electric charge radius, r2� ⌃ 6⇥m�2

V . The
diagram, describing basic interaction between the two sectors is shown in Fig. 1.

3. If there are no states charged under U(1)⇥ (or they are very heavy), and mV is taken to
be zero, then the two sectors decouple even at non-zero ⇥. This leads to the suppression
of all interactions for a dark photon inside a medium, if mV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
photons decouple as ⇤ m2

V [8].

4. New vector boson, interacting with the SM via the electromagnetic current, conserves
all discrete symmetries (parity, flavour, CP etc). Also, importaintly, A⇥ does not couple
directly to neutrinos. As a consequence, the interaction strength due to the exchange of
A⇥ can be taken to be stronger than that of weak interactions, (e⇥)2/m2
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GF . This property proves very useful in constructing the light dark matter models with
the use of vector portal.

Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixed A⇥ occurred in last 10 years,
as a response to various astrophysical anomalies, that this model allows to explain in terms
of weakly-interacting dark matter. Subsequent searches of the dark photon triggered new
analyses of the past or existing experiments [11–20], and generated new dedicated experi-
ments in di⇤erent stages of implementation [21–24]. In this chapter, we are going to show
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Let us classify possible connections between Dark sector and SM
H+H (l S2 + A S) Higgs-singlet scalar interactions (scalar portal)
BµnVµn “Kinetic mixing” with additional U(1)’ group
(becomes a specific example of Jµ

i Aµ extension)
LH N neutrino Yukawa coupling, N – RH neutrino  
Jµ

i Aµ requires gauge invariance and anomaly cancellation
It is very likely that the observed neutrino masses indicate that 

Nature may have used the LHN portal… 
Dim>4
Jµ

A  ¶µ a /f      axionic portal
……….

Classes of portal interactions



Excellent framework for light DM
some WIMP examples

§ Scalar dark matter talking to the SM via a “dark photon” 
(variants: Lmu-Ltau etc gauge bosons). With 2mDM < mmediator.

§ Fermionic dark matter talking to the SM via a “dark scalar” that 
mixes with the Higgs. With mDM > mmediator.

After EW symmetry breaking S (“dark Higgs”) mixes with 
physical h, and can be light and weakly coupled provided that 
coupling A is small. 

Take away point: with lots of investment in searching for DM with 
masses > GeV, models with sub-GeV DM can be a blind spot. 8
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g-2 motivation for dark photons
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Figure 2: One-loop correction to the muon magnetic moment due to dark photon exchange
diagram.

3.1 A possibility of extra U(1)s in top-down physics, and natural range for
masses and mixing angles

3.2 Putative solution to the muon g � 2 discrepancy

The persistent discrepancy of the measured muon g � 2 and the standard model (SM)
prediction at the level of ⇤3⌅ [44] has generated a lot of experimental and theoretical activity
in search of a possible explanation. The intense scrutiny of the SM contributions to the
g � 2 has not produced any obvious candidate for an extra contribution �ae ⇤ +3 ⇥ 10�9

that would cover a theoretical shortfall and match the observed value. Among the new
physics explanations for this discrepancy are weak scale solutions [45], as well as possible
new contributions from light and very weakly coupled new particles (see, e.g., [13, 46, 47]).
With the LHC continuously squeezing the available parameter space for the weak-scale g�2-
relevant new physics, solutions with light particles appear as an attractive opportunity.

It is easy to see that light vector particles coupled to muons via vector portal provide an
upward correction to the g � 2. In most models the new vector particle does not have an
axial-vector coupling to charged leptons, and the simple one loop diagram, Fig. 2 gives a
positive correction to the magnetic anomaly

aVl =
�

2⇤

�
g⇥

e

⇥2

⇥
⌃ 1

0

dz
2m2

l z(1� z)2

m2
l (1� z)2 +m2

V z
=

�

2⇤

�
g⇥

e

⇥2

⇥

⇤
⇧

⌅
1 for ml ⇧ mV ,

2m2
l /(3m

2
V ) for ml ⌅ mV .

(3.1)
In this expression, g⇥/e is the strength of Vµ coupling to the muon vector current in units
of electric charge. For the kinetically-mixed dark photon A⇥, g⇥/e = ⇥. For the choice of
⇥ ⇤ few⇥10�3 at mV ⇤ mµ, the new contribution is capable to bring theory and experiment
in agreement. Since 2008, a lot of experimental and theoretical work has been done that
scrutinized this possibility. The following picture has emerged:
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FIG. 6. Parameter space for dark photons (A⇥) with mass mA0 > 1 MeV (see Fig. 7 for

mA0 < 1 MeV). Shown are existing 90% confidence level limits from the SLAC and Fermilab

beam dump experiments E137, E141, and E774 [116–119] the electron and muon anomalous mag-

netic moment aµ [120–122], KLOE [123] (see also [124]), WASA-at-COSY [125], the test run results

reported by APEX [126] and MAMI [127], an estimate using a BaBar result [116, 128, 129], and a

constraint from supernova cooling [116, 130, 131]. In the green band, the A⇥ can explain the ob-

served discrepancy between the calculated and measured muon anomalous magnetic moment [120]

at 90% confidence level. On the right, we show in more detail the parameter space for larger values

of �. This parameter space can be probed by several proposed experiments, including APEX [132],

HPS [133], DarkLight [134], VEPP-3 [135, 136], MAMI, and MESA [137]. Existing and future

e+e� colliders such as BABAR, BELLE, KLOE, SuperB, BELLE-2, and KLOE-2 can also probe

large parts of the parameter space for � > 10�4 � 10�3; their reach is not explicitly shown.

string theory constructions can generate much smaller �. While there is no clear minimum

for �, values in the 10�12 � 10�3 range have been predicted in the literature [140–143].

A dark sector consisting of particles that do not couple to any of the known forces and

containing an A⇥ is commonplace in many new physics scenarios. Such hidden sectors can

have a rich structure, consisting of, for example, fermions and many other gauge bosons.

The photon coupling to the A⇥ could provide the only non-gravitational window into their

existence. Hidden sectors are generic, for example, in string theory constructions [144–147].

and recent studies have drawn a very clear picture of the di�erent possibilities obtainable in

type-II compactifications (see dotted contours in Fig. 7). Several portals beyond the kinetic

21

Dark photon with kinetic mixing 
~ 10-3 is the simplest model that 
can account for anomalous  
Daµ~3 10-9, MP, 2008

Search for dark photons (A’à e+e-) 
has become an important part of the 
intensity frontier program, Snowmass 
exercise, Minneapolis, 2013

By 2018, there is a large community in 
place (”Cosmic Vision” summary, 100s 
of authors, 2017), where the search for 
dark photon is one of the priorities. 
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If dark photon decays invisibly, for example to a pair of DM 
particles, the search for dark photon is the search for “anomalous 
energy loss”, such e+e- à g + A’ à g + cc

§ Complementary results from NA64, BaBar and Kaon decays
§ Covers all of the dark photon parameter space, decaying invisibly, 

consistent with alleviating the muon g-2 discrepancy

Constraints on invisibly decaying “dark photons”

6
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the frequentist profile-likelihood limits [29]. Figure 5
compares our results to other limits on " in channels
where A0 is allowed to decay invisibly, as well as to the
region of parameter space consistent with the (g � 2)µ
anomaly [5]. At each value of mA0 we compute a limit
on " as a square root of the Bayesian limit on "2 from
Fig. 4. Our data rules out the dark-photon coupling as
the explanation for the (g�2)µ anomaly. Our limits place
stringent constraints on dark-sector models over a broad
range of parameter space, and represent a significant im-
provement over previously available results.

We are grateful for the excellent luminosity and ma-
chine conditions provided by our PEP-II colleagues, and
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New results from NA62 and NA64

Plot is from recent review M. Fabbrichesi, E. Gabrielli, G. 
Lanfranchi, 2005.01515

NA64, in particular, probes the part of parameter space motivated by 
the freeze-out dark matter. 

Updated plot
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This year [hopefully] the Fermilab-based experiment is going to 
present results that more than double the existing dataset. 

Independently of that one can question whether other models can 
provide viable upward correction to g-2. 

§ Models based on muon-tau lepton number, with gauge coupling at 
g ~ 10-3 level and mass above ~ 10 MeV (BBN) and below ~ 210 
MeV (4-muon signal at B-factories, + trident neutrino + high-
energy excludes higher masses). These models can be probed with 
NA64 style experiment with incoming muons (Gninenko, 
Krasnikov et al.)

§ Models based on scalars coupled to leptons with “new Yukawa” at 
the level of SM Yukawa, but with light scalars. They are hard to 
build (see e.g. Batell et al., 2016, Chen et al, 2015)

Are there any more models that can correct g-2?



13

In a minimal flavour violation framework, the coupling to leptons is 
proportional to their masses. Therefore the bremsstrahlung of 
scalars in e+ + e- à tau+ + tau- + Scalar, with its subsequent decay 
to electrons or muons, is the promising channel (Batell et al, 
2017)

In an impressive new analysis led by B. Echenard and B. Shuve, 
Babar published a constraint from a corresponding search: 

Recent constraints from BaBar

Beam dump regions are 
slightly too optimistic, 
based on old ”recast”, 
and will be updated 
soon. 



New Physics paradigm that include light 
particles have enormous flexibility in 

”explaining” anomalies
§ For example, cosmic positron fraction (“Pamela anomaly”)

14

Light new mediator particles V can A. 
dynamically enhance the annihilation cross 
section at low velocity, B. kinematically
limit the annihilation products to electrons 
and positrons.

• Self-interaction of dark matter can be an 
attractive possibility to address over-
concentration of cold dark matter in the 
central parts of galactic haloes. Self-
scattering cross section of 10-24 cm2/GeV 
implies that either DM or mediator is 
light, or both. (Plot from Tulin et al.)
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FIG. 6: Parameter space consistent with astrophysical bounds for attractive (left) and repulsive (right) poten-
tials for different �X . Blue regions show where DM self-scattering solves small scale structure anomalies,
while red (green) show bounds on Milky Way (cluster) scales. Numerical values give �⇥T ⇥/mX in cm2/g
on dwarf (“dw”), Milky Way (“MW”), and cluster (“cl”) scales. See text for details.
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Light particles allow by-passing ”no-go” theorems
§ Something very topical: KOTO vs NA62, or is it possible to see a 

large signal in neutral kaons in a generic new physics model? 
§ (s-d current)×(neutrino[dark] current) implies the limit on 

KLàp0 nn from K+àp+ nn (Grossman-Nir bound). 
§ GN evasion with light particles (G. Hou, Kaon 2016, Kitahara et al. 

1909.11111) 
§ Example model (MP): L = (Lsd)-1 (s ig5 d) SP + (Ldd)-1 (d ig5 d) SP
S - new light scalar,  P - new light pseudoscalar, mS > mP+mp. 

§ KLàPSà PPp0 occurs as sequential 2-body decays, with decay 
K+àSP p+, being phase space suppressed [forbidden], and parity 
forbidden.

§ Naive estimate [eyeing “KOTO signal”]: Lsd ~1012GeV. Ldd ~107GeV.
15
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§ Something very topical: KOTO vs NA62, or is it possible to see a 

large signal in neutral kaons in a generic new physics model? 
§ (s-d current)×(neutrino[dark] current) implies the limit on 

KLàp0 nn from K+àp+ nn (Grossman-Nir bound). 
§ GN evasion with light particles (G. Hou, Kaon 2016, Kitahara et al. 

1909.11111) 
§ Example model (MP): L = (Lsd)-1 (s ig5 d) SP + (Ldd)-1 (d ig5 d) SP
S - new light scalar,  P - new light pseudoscalar, mS > mP+mp. 

§ KLàPSà PPp0 occurs as sequential 2-body decays, with decay 
K+àSP p+, being phase space suppressed [forbidden], and parity 
forbidden.

§ Naive estimate [eyeing “KOTO signal”]: Lsd ~1012GeV. Ldd ~107GeV.
§ [Some numbers are off, but the idea is viable. Let’s discuss it in detail]

16



Theorists are “un-phased” by the lack of published 
experimental paper by KOTO

Many interesting ideas are expressed of how light particles can induce 
Koto-like signal and be consistent with everything else: 
Kitahara, Okui, Perez, Soreq, Tobioka, PRL 2020
Egana-Ugrinovic, Homiller, Meade, PRL 2020
Ziegler, Zupan, Zwicky, May 2020
Gori, Perez, Tobioka, May 2020
…..
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The region that “survives” is close to pion 
mass, as the constraint from charged pion 
decay loosen up due to 2 pion background.



KL decays to pairs of dark states

At a pheno level many such scenarios are plausible:

We base our considerations on MFV type models:

Lightest particle can be “promoted” into dark matter. 
18
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FIG. 1. The KL decay to an arbitrary neutral sector (X
1

and X
2

), followed by their subsequent decay in three di↵erent
scenarios. Pair production takes place via a heavy mediator shrunk to a point in the diagrams. For ⇡0 production, we propose
two scenario: FCNC via new mediators and a long-distance �S = 1 transition followed by a flavor diagonal coupling to a new
mediator.

in some models the following signature is promising:

KL ! X1 + X2 (3)
& �� + X1,

Finally, both particles can be unstable, giving a single photon in the decay,

KL ! X2 + X2 (4)
& X1 + �& X1 + �.

The main question for us to study is the following: could some minimal models of dark sector lead to the above
signature, so that one should expect the decays of KL - as opposed to the decays of K± and B mesons - be the
leading probe of such models?

In this paper we show that the answer to this question is a�rmative, and present several scenarios, based on vector
and scalar portal models, that lead to measurable rates of KL decays, exceeding the SM rate for KL ! ⇡0⌫⌫, while
evading the bounds from collider, beam dump, and flavor probes. The topologies we consider are shown in Fig. 1,
where typically a new heavy portal particle can be integrated out and mediates KL ! X1X2 production from either
SM-like flavor changing neutral current (FCNC) couplings or via flavor diagonal couplings attached to long distance
�S = 1 operators. The new FCNC couplings are built using minimal flavor violation (MFV) ansatz, where all sources
of flavor change originates from the SM Yukawa matrices (see e.g. [11]). The MFV framework also allows to connect,
in most models, X1 � X2 � ⇡0 vertex with the corresponding vertex of ⌘ meson, resulting in the new decay channels,
⌘ ! X1X2. Subsequent decay of X2 away from the production point puts strong constraints on these models from
the results of the beam dump searches at highest energies. We also show that for models responsible for processes
(2) and (4) the lightest of two dark states, X1, can be stable, and therefore contribute to dark matter. However, this
typically requires additional components to such models, that are not probed directly by K and B physics.

Our paper is inspired, in part, by a recent report by the KOTO collaboration that faces four unexplained events after
unblinding their data, at the level much larger than the SM neutrino channel, which prompts theoretical investigations
of beyond-SM (BSM) physics that may lead to such a signature. Many recent studies have appeared, where the focus
has been primarily on KL decays to pion plus new invisible particles [12–20]. Other recent alternatives include new
particles produced at the target that decay to �� inside the KOTO detector [12], direct KL decay to �� plus invisible
states [21], and heavy new physics operators with flavor violation or �I = 3/2 structure [12, 22–24]. In this work we
take a di↵erent approach and address whether the processes (2), (3), and (4) could be behind KOTO events, passing
all the experimental requirements including the distribution over transverse momentum pT . This di↵ers from previous
studies due to the complete annihilation of KL to a dark sector, creating new avenues to fake KL ! ⇡0 /E signatures.

Another strong motivation for us is the upcoming ultra-high luminosity Belle II experiment [25], where significant
progress with measurements of B meson decays accompanied by missing energy is expected. Given that our models
are built using the MFV framework, direct connection between K and B meson decays can indeed be established.

This paper is organized as follows: in the next section we give a brief overview of experimental situation regarding
the neutrino pair production decays of the charged and neutral K and B mesons. In Section III, we construct
s � d � X1 � X2 and b � s � X1 � X2 amplitudes that result from a simple vector and Higgs portal models. In section
IV, we calculate observable consequences for meson decays, including the pT distributions of photons in KOTO setting,
and constrain parameters of these models. We also analyze the suitability of these models as an explanation of KOTO
events, including the overall rate and the distribution over pT . In Section V, we construct explicit models, where the
lightest of the two particles, X1, is in fact the dark matter, passing all existing constraints. We reach our conclusion
in Section VI.
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III. SURVEY OF MODELS AND FCNC AMPLITUDES

Meson decays to a pair of light dark states at the quark level implies a higher-dimensional e↵ective operators, when
the “mediator” physics is heavy and integrated out. In this section we give example of such operators, and show the
pathways of their emergence via exchange of the exotic scalar and vector particles from UV complete theories.

A. E↵ective operators in the MFV approach

The main operator structures that we shall consider will be

OV
sd = gV

sd(sL�µdL) ⇥ Jµ
X ; OS

sd = gS
sdms(sRdL) ⇥ JX , (12)

where gV (S)
sd are the coe�cients that package together all the physics responsible for s ! d transitions, as well as

details of mediators of interaction with X-sector. Jµ
X and JX are some generalized currents that transform as vectors

and scalars, and are built from the X1 and X2 fields. At this point, we do not assume anything about the properties
of X1(2) other than that they can be pair produced on shell in KL decays. Possible forms for such “dark” currents
can be easily listed:

bosons : Jµ
X = X1@

µX2 � (@µX1)X2, ..., JX = X2
1 , X2

2 , X1X2, ..., (13)

fermions : Jµ
X = X1�

µX2 + X2�
µX1, ..., JX = X1X1, X2X2, X1X2 + X2X1, ..., (14)

where �µ = �µ, �µ�5, i�µ⌫@⌫ etc. Scalar fermionic currents can also include pseudoscalar combinations, X1i�5X1.
Note that although these operators look fairly general, they do not represent an exhaustive set. Indeed, at the

e↵ective level, one could imagine i.e. the presence of s � d right-handed currents, and/or scalar currents that emerge
without chiral suppression / ms. Our choice is motivated by the SM-like mechanisms for the FCNCs, that specifically
operate with left-handed light quark fields, and require mass (or Yukawa) insertion whenever qL chirality is flipped
to qR.

Another feature of the SM-like FCNC’s is the adherence to the MFV ansatz, which is a powerful framework that

allows to connect gV (S)
sd couplings with those that involve b ! s transitions, as only the Yukawa matrices of the

SM source flavor transitions. We assume that X-currents do not transform under SM flavor rotations, and take the
following MFV structures that give rise to our e↵ective flavor-changing operators,

gV
sd(sL�µdL) ⇢ aQLYUY †

U�µQL; gS
sdms(sRdL) ⇢ bDRM†

DYUY †
UQL. (15)

These structures are parametrized now by just two (complex) coe�cients a and b, which leads to rigid relations
between s ! d and b ! d transitions induced by these structures. Moreover, given the dominance of the top-
quark and charm-quark Yukawa couplings, we can e↵ectively reduce flavor-changing coe�cients to the corresponding
products of the CKM matrix elements,

gV
sd = a(y2

t V ⇤
tsVtd + y2

cV ⇤
csVcd); gS

sd = b(y2
t V ⇤

tsVtd + y2
cV ⇤

csVcd), (16)

where yt,c stand for the Yukawa coupling of the top and charm quark.
One can make further progress in general, without explicitly defining UV completions, and exploiting the CP -

properties of the operators. To that end, let us assume that X-currents are self-conjugate, J†
X = JX , as is the case

for all examples of Eqs. (13) and (14). This condition will be automatically satisfied if operators (12) are induced
by an exchange of the real scalar or vector field, S and Z 0. Moreover, if couplings of S and Z 0 to SM particles are
CP -even, then a and b are real. These properties will allow us to establish whether the corresponding KL amplitudes
are given by real or imaginary part of the product of CKM matrix elements. Neglecting small, ✏K-sized admixture,
KL coincides with the CP -odd combination of neutral kaons, KL = 2�1/2(K0 � K0), where CP (K0) = K0 and vice
versa. With this definition, and Eqs. (12) and (15), we can determine which combination of the CKM matrix elements
is responsible for a given transition,

h0|OV
sd|KLi / aRe(y2

t V ⇤
tsVtd + y2

cV ⇤
csVcd), h0|OS

sd|KLi / bIm(y2
t V ⇤

tsVtd + y2
cV ⇤

csVcd), (17)

h⇡0|OV
sd|KLi / aIm(y2

t V ⇤
tsVtd + y2

cV ⇤
csVcd), h⇡0|OS

sd|KLi / bRe(y2
t V ⇤

tsVtd + y2
cV ⇤

csVcd). (18)

Note that top quark provides a dominant contribution, especially in Im(...). These relations arise from specific C, P
and CP properties of operators that mediate the transition. For the processes considered in this paper, KL ! X�pair,
the quark bilinears that mediate the transition between KL and the vacuum are C-even and CP -odd combinations
d�µ�5s + s�µ�5d for the vector type operator, and di�5s + si�5d for the scalar type.
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Note that top quark provides a dominant contribution, especially in Im(...). These relations arise from specific C, P
and CP properties of operators that mediate the transition. For the processes considered in this paper, KL ! X�pair,
the quark bilinears that mediate the transition between KL and the vacuum are C-even and CP -odd combinations
d�µ�5s + s�µ�5d for the vector type operator, and di�5s + si�5d for the scalar type.



Viable models exist based both on Z’ and Higgs 
portal interactions

19

In defense against obvious criticism of more conservative colleagues: 
why spending time on “signal” that is not even published, while it is 
not even clear whether experiment (KOTO) works properly. We 
[theorists] are often driven by trying to understand what is possible 
and what is not. Are no-go theorems solid, or have exceptions etc? In 
many cases (e.g. proton charge radius discrepancy) any BSM-type 
model is so contrived that even 7s discrepancy would not convince 
you it is new physics. 



Same parameter can regulate KL and X2 decays

Models based on Z’ exchange and the mass mixing of Z-Z’:
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Model based on extra Higgs exchange for the 
down-type quarks
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then the decay rate is given by [46] (see also [47])
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1

�3
. (50)

Thus, the decay of  2 can be rather prompt for a very small values of the e↵ective dipole moment. The UV completion
of µ itself would require introduction of heavy states charged under electromagnetism and coupled to  1,2.

We conclude by emphasizing that the Z 0 portal may provide a flexible way of arranging KL decays to pairs of dark
states, that subsequently fragment to give two photons, either individually, or via ⇡0 production. In the latter case,
a single combination of couplings controls KL and X2 decay.

D. KL decays via virtual ⇡0, ⌘

So far, we have considered FCNC type of s ! d transition associated either with a Z 0 or Higgs mediation, and
in both cases W � t loop and more generically short-distance contributions play the most important role. In this
subsection, we consider regular �S = 1 quark flavor of the SM, the long-distance part of it, paired with the flavor-

diagonal coupling of quarks to the two dark scalars.
More specifically, we concentrate on the following process:

KL ! virtual ⇡0 or ⌘ ! S1S2 ! 2S1 + ⇡0. (51)

This is an attractive phenomenological possibility, as the same e↵ective meson�S1 �S2 coupling governs both decays,
KL ! S1S2 and S2 ! S1⇡0.

As is well appreciated in the SM flavor literature, the mixing of KL and light non-strange pseudoscalar mesons is
induced by the long-distance part of the �S = 1 (see e.g. [48] and references therein). We shall assume the leading
order SU(3) chiral perturbation theory treatment and neglect the contribution of ⌘0 to find the following transition
amplitudes:
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The mixing matrix element is extracted with the use of soft-pion theorem from experimental data on KS ! ⇡⇡ [49].
Next, we shall assume a pseudoscalar Higgs mediated, flavor-conserving couplings between light quarks bilinears

qi�5q and two light scalars, S1S2. We follow the model given in Eqs. (28) and (29):
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We then can derive a decay amplitude in terms of meff :
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The contribution of ⌘ to (55) is much enhanced due to a smaller denominator and ms/md in the numerator. These
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then the decay rate is given by [46] (see also [47])
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We conclude by emphasizing that the Z 0 portal may provide a flexible way of arranging KL decays to pairs of dark
states, that subsequently fragment to give two photons, either individually, or via ⇡0 production. In the latter case,
a single combination of couplings controls KL and X2 decay.
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So far, we have considered FCNC type of s ! d transition associated either with a Z 0 or Higgs mediation, and
in both cases W � t loop and more generically short-distance contributions play the most important role. In this
subsection, we consider regular �S = 1 quark flavor of the SM, the long-distance part of it, paired with the flavor-

diagonal coupling of quarks to the two dark scalars.
More specifically, we concentrate on the following process:

KL ! virtual ⇡0 or ⌘ ! S1S2 ! 2S1 + ⇡0. (51)

This is an attractive phenomenological possibility, as the same e↵ective meson�S1 �S2 coupling governs both decays,
KL ! S1S2 and S2 ! S1⇡0.

As is well appreciated in the SM flavor literature, the mixing of KL and light non-strange pseudoscalar mesons is
induced by the long-distance part of the �S = 1 (see e.g. [48] and references therein). We shall assume the leading
order SU(3) chiral perturbation theory treatment and neglect the contribution of ⌘0 to find the following transition
amplitudes:
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An attempt for a comprehensive overview has been made in 2016 and 
2017, and in the on-going Physics Beyond Colliders exercise at CERN

… very long list of authors

CERN PBC exercise led by 

Jaeckel, Lamont, Vallee
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Models vs Experiments
Benchmark Cases (MP and PBC, 2018)

1. Dark photon
2. Dark photon + light dark matter
3. Millicharged particles
4. Singlet scalar mixed with Higgs
5. Quartic-dominated singlet scalar
6. HNL, e-flavour dominance
7. HNL, µ-flavour dominance
8. HNL, t-flavour dominance
9. ALPs, coupling to photons
10. ALPs, coupling to fermion
11. ALPs, coupling to gluons

Experimental proposals, mostly CERN

§ SHiP
§ NA62+
§ FASER
§ MATHUSLA
§ Codex-B
§ MilliQan
§ NA64
§ KLEVER
§ REDTOP
§ IAXO
§ ALPs-II
§ ……..

I hope that in the end, a clear strategy for building up CERN intensity 
frontier program will emerge, with new sensitivity to sub-EW scales
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Models vs Experiments
Benchmark Cases (MP and PBC, 2018)

1. Dark photon
2. Dark photon + light dark matter
3. Millicharged particles
4. Singlet scalar mixed with Higgs
5. Quartic-dominated singlet scalar
6. HNL, e-flavour dominance
7. HNL, µ-flavour dominance
8. HNL, t-flavour dominance
9. ALPs, coupling to photons
10. ALPs, coupling to fermion
11. ALPs, coupling to gluons

Experimental proposals, mostly CERN

§ SHiP Beam Dump
§ NA62+ Flavour, possible BD
§ FASER LHC add-on
§ MATHUSLA   large LHC add-on
§ Codex-B LHC add-on
§ MilliQan LHC add-on
§ NA64 missing momentum
§ KLEVER flavour
§ REDTOP                       fixed target
§ IAXO                           axion exp
§ ALPs-II axion exp
§ ……..

I hope that in the end, a clear strategy for building up CERN intensity 
frontier program will emerge, with new sensitivity to sub-EW scales

Ve
ct

or
sc

al
ar

H
N

L
A

LP
s



25

Future [monster-size] direction
To improve on sensitivity to light dark matter in beam dump/fixed target 
experiments.

SHIP proposal at CERN: 1021 of 400 GeV protons on target

!"#$%&'()%*+,'&*#-,.%/)0%1-2+.%/345% 8%

The SHiP experiment 
( as implemented in Geant4 ) 

SHiP may become the most important project at CERN after LHC
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MATHUSLA proposal

Industrial size O(200 m) hollow 
detector to be put on the surface, 
near the forward region of a particle 
detector at the LHC, e.g. CMS.

Time correlation between events 
at the LHC and decay vertex 
inside a large detector can 
drastically cut the number of 
background cosmic events
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Highlights from recent PBC publication
G. Lanfranchi et al, BSM group

Figure 19: PBC projects on ≥ 5 year timescale: upper limits at 90 % CL for Dark Photon
in visible decays in the plane mixing strength ‘ versus mass mAÕ . The vertical red line
shows the allowed range of e ≠ X couplings of a new gauge boson X coupled to electrons
that could explain the 8Be anomaly [70, 71].

competing with SeaQuest, LHCb, HPS, and others as shown in Figure 18. MATHUSLA200
in this scenario is instead not competitive, mostly due to the fact that the Dark Photon is
produced forward.

Figure 20: Future upper limits at 90 % CL for Dark Photon in visible decays in the plane
mixing strength ‘ versus mass mAÕ for PBC projects on a ≥ 10-15 year timescale. The
vertical red line shows the allowed range of e≠X couplings of a new gauge boson X coupled
to electrons that could explain the 8Be anomaly [70, 71].

– 82 –

Figure 21: Current limits (filled areas) and experimental landscape for projects not PBC
related (solid or dashed lines) for Dark Photon in invisible decays in the plane mixing
strength ‘ versus dark photon mass mAÕ .

Figure 22: Dark Photon decaying to invisible final states. Prospects for PBC projects
on a timescale of 5 years (NA64++(e), green line) and 10-15 years (LDMX, red line and
KLEVER, cyan line) compared to the current bounds (solid areas) and future experimental
landscape (other solid and dashed lines) as explained in Figure 21.

On the contrary, results from accelerator-based experiments, are largely independent
of the assumptions on a specific DM nature as DM in this case is produced in relativistic
regime and the strength of the interactions with light mediators and SM particles is only
fixed by thermal freeze-out.

Future initiatives that could explore a still uncovered parameter space in the plane

– 85 –

Benchmark cases 1 and 2, 
models with visible [top] 
and invisible [bottom] 
decays of dark photons 
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Highlights from recent PBC publication
G. Lanfranchi et al, BSM group

Benchmark cases 4 and 6, 
models with Higgs-mixed 
scalar [top] and muonic
HNL [bottom]

Figure 28: BC4: prospects on 10-15 year timescale for PBC projects for the Dark Scalar
mixing with the Higgs in the plane mixing angle sin2 ◊ versus dark scalar mass m

S

.

Figure 29: BC5: prospects on 10-15 year timescale for PBC projects for the dark scalar
mixing with the Higgs in the plane mixing angle sin2 ◊ versus dark scalar mass m

S

under
the hypothesis that both parameters ⁄ and µ are di�erent from zero. The sensitivity curves
have been obtained assuming BR(h æ SS) = 10≠2. The NA62++ and KLEVER curves
correspond still to the case of ⁄ = 0, and, hence, should be considered conservative.

– 96 –

Physics reach of PBC projects on 10-15 year timescale

Figure 33 shows the 90 % CL exclusion limits from MATHUSLA200, FASER2, CODEX-
b and SHiP in a 10-15 years time scale. Also in this case the curves are obtained under the
assumption of zero background, for which the same considerations drawn in the previous
paragraph hold.

Figure 33: BC7: Sensitivity to Heavy Neutral Leptons with coupling to the second lepton
generation only. Current bounds (filled areas) and 10-15 years prospects for PBC projects
(SHiP, MATHUSLA200, CODEX-b and FASER2) (dotted and solid lines). Projections for
the LBNE near detector with 5 ◊ 1021 pot and FCC-ee with 1012 Z0 decays are also shown.

9.3.3 Neutrino portal with tau-flavor dominance (BC8)

In this Section we consider the case in which HNLs couple only to third SM generation and
the sensitivity plots are shown in the plane {|U· |2, mN }.

Current bounds and experimental landscape

Current bounds and future experimental landscape in the next ≥ 5 years, including
some PBC projects, is shown in Figure 34 for the case of HNL coupling only to the third
lepton generation and masses in the MeV-GeV range. Also in this case the allowed range of
couplings is bounded from below by the BBN constraints [263], and the see-saw limit [286].

Main bounds in this benchmark case arise from CHARM [291], NOMAD [292], and
again the same data from DELPHI [267] used for the other two benchmark cases (BC6 and
BC7).

- CHARM: limits on the square mixing strength |U· |2 in a mass range 10-290 MeV
were set by re-interpreting the null result of a search for events produced by the decay
of neutral particles into two electrons performed by the CHARM experiment using

– 103 –
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Example of future hadronic physics challenges

Figure 21: Current limits (filled areas) and experimental landscape for projects not PBC
related (solid or dashed lines) for Dark Photon in invisible decays in the plane mixing
strength ‘ versus dark photon mass mAÕ .

Figure 22: Dark Photon decaying to invisible final states. Prospects for PBC projects
on a timescale of 5 years (NA64++(e), green line) and 10-15 years (LDMX, red line and
KLEVER, cyan line) compared to the current bounds (solid areas) and future experimental
landscape (other solid and dashed lines) as explained in Figure 21.

On the contrary, results from accelerator-based experiments, are largely independent
of the assumptions on a specific DM nature as DM in this case is produced in relativistic
regime and the strength of the interactions with light mediators and SM particles is only
fixed by thermal freeze-out.

Future initiatives that could explore a still uncovered parameter space in the plane

– 85 –

Take NA64 and LDMX experiments 

Eventual aim: to reach 10-14

level from the electron 
bremsstrahlung cross section. 

It is clear that the goal is 
highly sensitive to rare 
nuclear processes:

Nucleus + e à e(lower 
energy) + lots of not so 
energetic nuclear debris

New level of understanding 
of rare photo-nuclear 
processes is required.
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Conclusions
1. IR frontier is a modification of SM by light and weakly coupled 

BSM fields. ALPs or dark photons with small mass are an example. 

2. New set of models [not necessarily too complex] was developed that 
gives enhanced KL à dark state decays, with subsequent decay of 
one state into another with the production of neutral pion. No 
counterpart in charged Kaon decays. 

3. PBC exercise has come up with an attempt of systematic approach to 
light New Physics in the sub-10-GeV regime. CERN will decide 
which experiments eventually to pursue [in additional to multi-
decade LHC project]. 


