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We propose a new thermal dark matter candidate whose abundance is determined by the freeze-out of
inverse decays. The relic abundance depends parametrically only on a decay width, while matching the
observed value requires that the coupling determining the width—and the width itself—should be
exponentially small. The dark matter is therefore very weakly coupled to the standard model, evading
conventional searches. This inverse decay dark matter can be discovered by searching for the long-lived
particle that decays into the dark matter at future planned experiments.
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Introduction.—The identity of dark matter (DM) is one
of the most pressing open questions in modern day physics.
While the weakly interacting massive particle (WIMP)
paradigm has long guided the particle physics community,
the absence of experimental evidence for the WIMP at
colliders, direct-detection, and indirect-detection experi-
ments stresses the importance of considering DM beyond
the WIMP. Indeed, recent years have seen a surge of new
DM ideas (see, e.g., Refs. [1–15]) which utilize various
processes in the early universe.
One such process is inverse decay, where a DM particle

is produced through the inverse decay of a heavier particle
in the dark sector. Thus far, decays have been considered in
the literature in the context of freeze-in DM [16], where a
slow inverse decay of a bath particle slowly freezes in the
DM abundance; as a process maintaining chemical equi-
librium within the dark sector or with the standard model
(SM) [7,8,13,17–22], and in other dark matter frameworks
[16–18,23–27]. The effects of inverse decays on dark
matter depletion have been considered as a contributing
reaction [28–30], but never discussed as the main process
for setting the dark matter abundance. In this Letter, and in
a companion paper [31], we study the freeze-out of inverse
decays as the mechanism to set the relic abundance of DM.
This Letter is organized as follows. We begin by out-

lining the basic idea for freeze-out of inverse decays and
derive an analytical understanding of the mechanism. We
then solve the Boltzmann equations of the system and

obtain the DM parameter space. Finally we present a model
that realizes the mechanism.
Basic idea.—Here we show that the freeze-out of inverse

decays can be responsible for the relic abundance of DM.
Consider a dark matter particle χ and an unstable dark
sector particle ψ that has a decay that contains some
number of χ particles in the final state. For simplicity
we will consider a simple decay and inverse decay

ψ ↔ χ þ ϕ ð1Þ

motivated by a Z2 symmetry in the dark sector. (Other
inverse decay topologies can be considered as well. Note
that the above interaction allows also for 2 → 2 processes
such as χχ → ϕϕ, however they will be substantially
suppressed in the parameter space considered here.)
Here ϕ can be a dark sector or visible particle that is
assumed to be in equilibrium with the bath. (Later we will
take a concrete model in which ϕ is a dark photon that
kinetically mixes with hypercharge.)
The Boltzmann equation for the abundance of χ,

assuming that ϕ is in equilibrium, is

_nχ þ 3Hnχ ¼ Γ
�
nψ − nχ

neqψ
neqχ

�
; ð2Þ

with Γ the decay rate of ψ → χϕ. [Note that Eq. (2) holds
also in the case of more than one ϕ particle in the final
state.] We assume that the DM is cold; namely, that it
freezes out when nonrelativistic; our numerics presented
later on confirm this. We can thus ignore the thermally
averaged time dilation that would normally appear in the
collision term.
Approximate analytic solutions to the Boltzmann equa-

tions can be obtained in the instantaneous freeze-out
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approximation, but will not always suffice. The inverse
decay rate is falling off exponentially as e−ðmψ−mχÞ=T (rather
than e−mχ=T for the well-studied WIMP), which is not
necessarily fast enough to assume that instantaneous
freeze-out occurs. Further consideration must also be taken
into account because the decays and inverse decays may
not actually be in equilibrium before they completely
decouple.
We begin by calculating the relic abundance when

decays are in equilibrium. This will give us an approxi-
mate range of parameter space—couplings and masses—
necessary to reproduce the observed abundance. We first
assume that ψ is always in chemical equilibrium with the
SM bath. This can be achieved through rapid annihilations
of ψ into bath particles (either SM bath particles, or
particles that are in equilibrium with the SM). The
Boltzmann Eq. (2) can be rewritten as

∂Yχ

∂x
¼ −

Γ
Hx

�
Yχ

neqψ
neqχ

− Yeq
ψ

�
; ð3Þ

where Y ¼ n=s is the yield and x ¼ mχ=T. In the instanta-
neous freeze-out approximation, the χ particle departs the
chemical equilibrium when the coefficient of the collision
term becomes of order unity,

Γ
neqψ
neqχ

≃ xH for x ¼ xf: ð4Þ

The freeze-out abundance of χ can be determined by
solving Eq. (4) for xf and using that at the time of
freeze-out, χ is approximately in equilibrium:

nχðxfÞ ≃ neqχ ðxfÞ ¼ gχ

�
m2

2πxf

�
3=2

e−xf : ð5Þ

We parametrize the decay rate as

Γ≡ αdecaymψ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2

ðm2
ϕ þm2

χÞ
m2

ψ
þ ðm2

ϕ −m2
χÞ2

m4
ψ

s
: ð6Þ

Then requiring that we match the observed DM abundance,
given by nχðxfÞ ∼m2Teq, we arrive at the requisite relation-
ship between the DM mass and coupling,

mχ ≃ α
1

1þΔ
decayðmplTΔ

eqÞ 1
1þΔ: ð7Þ

Here Δ≡ ðmψ −mχÞ=mχ , Teq ¼ 0.8 eV is the temperature
at matter radiation equality, and mpl ¼ 2.4 × 1018 GeV is
the reduced Planck mass. This formula may remind the
reader of other dark matter freeze-out mechanisms, and
would produce similar parametric dependence on the
temperature of equality and Planck scale in the WIMP
and SIMP [1] cases for Δ ¼ 1 and Δ ¼ 2, respectively. We

therefore see that for small mass splittings Δ < 1, much
heavier mass DM for the same size coupling (or much
smaller coupling for same mass) is needed to produce the
relic abundance, when compared to the WIMP. For small Δ
and αdecay ∼Oð1Þ, it may seem from Eq. (7) that inverse
decays allow for super heavy dark matter. However, since ψ
is maintaining equilibrium via annihilations, the ψ mass
(and consequently the χ mass) cannot be heavier than the
WIMP unitarity bound, Oð100Þ TeV. In future work [32],
it will be shown how a dark matter chain [13] of inverse
decays can lead to super heavy dark matter.
The above also indicates when this analysis is valid.

Provided that the rate over Hubble becomes of order unity
before xf, the system will come close to equilibrium and
there will be no sensitivity to the initial conditions. Looking
at Eq. (4), the rate over Hubble is not monotonically
decreasing, but rather reaches a maximum at x ¼ Δ−1.
Equilibrium is achieved if

Γ≳ ΔHm; ð8Þ

where Hm ≡Hðx ¼ 1Þ. If Eq. (8) is not satisfied, then the
decays and inverse decays are not sufficient to thermalize
the dark matter to chemical equilibrium before freeze-out.
In this case the initial χ abundance may be much higher or
much lower than the equilibrium abundance when it
becomes nonrelativistic. However, we will see in the next
section that the final abundance can still remain very
insensitive to initial conditions, where the observed relic
abundance is obtained for almost the same parameters.
Phases of inverse decay.—We can now set up the system

of interest in full. We consider the decay and inverse decay
processes of ψ ↔ χϕ along with an annihilation process of
ψψ → ϕ̃ ϕ̃, with ϕ and ϕ̃ indicating a particle in equilib-
rium with the SM bath—the latter process maintaining
chemical equilibrium between ψ and the SM. The
Boltzmann equations for the system are given by

_nχ þ 3Hnχ ¼ −hΓi
�
neqψ
neqχ

nχ − nψ

�
;

_nψ þ 3Hnψ ¼ hΓi
�
neqψ
neqχ

nχ − nψ

�
− hσviðn2ψ − neq

2

ψ Þ: ð9Þ

Here hΓi represents the thermally averaged (time dilation
included) decay rate of ψ → χϕ, and hσvi represents the
thermally averaged cross section for the annihilation
ψψ → ϕ̃ ϕ̃. We parametrize the cross section as

hσvi≡ α2ann
m2

ψ
; ð10Þ

and the decay rate as in Eq (6).
Figure 1 shows our solutions to the Boltzmann equa-

tions, αdecay versus αann, that reproduces the observed relic
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abundance of DM, for various mass splitting and DM
masses. There are several distinct phases, each indicating a
different mechanism for setting the relic abundance of DM,
with some dependence on the initial conditions. Here
we focus on two of the phases, assuming that the dark
matter is in equilibrium with the bath prior to becoming
nonrelativistic.
Along the horizontal branch, the relic abundance of χ is

being set by the annihilations of ψ into other particles. This
is possible because the rapid inverse decays between χ and
ψ keep the two particles in chemical equilibrium. Once
αdecay is large enough such that χ and ψ are in chemical
equilibrium, its precise value does not matter, and it is αann
that controls the abundance. This branch is similar in spirit
to coannihilations [3,11], however here the chemical
contact between the DM and the particle whose number
changing process is determining the relic abundance is set
by fast decays and inverse decays, rather than by 2 → 2
processes such as annihilations.
The value of αann that reproduces the correct abundance

along this branch can be found in the instantaneous freeze-
out approximation using the same steps as from Eq. (4) to
Eq. (7), but here xf is determined by nψhσvi ≃H. Doing so,
one finds the relationship

mχ ≃ α
2

2þΔ
annðmplT1þΔ

eq Þ 1
2þΔ: ð11Þ

In contrast, along the vertical branch, the relic abundance
of χ is being set by the freeze-out of inverse decays of the
DM. As χ inverse decays into ψ , ψ rapidly annihilated
away into other light particles. For large enough αann, its
precise value does not play a role, and the relic abundance

of χ is set when its inverse decay shuts off and it freezes out.
This corresponds to the case studied analytically in the
previous section, which leads to the DM mass-coupling
relationship of Eq. (7).
While both branches present a new mechanism for

establishing the DM abundance in the early universe, we
focus here on the more novel of the two—the vertical
branch, where freeze-out of inverse decays of DM set its
abundance. We dub this “inverse decay” (INDY) dark
matter. The parameter space has another two phases, if we
assume that initial abundance of χ is very small: freeze-in,
and freeze-in and freeze-out (of inverse decays), which is
very similar to the vertical branch. We leave a detailed
investigation of the horizontal branch, the other additional
phases, and many further details to our companion paper
[31], and focus here on INDY dark matter.
In Fig. 1 we show αdecay as a function of DM mass along

the vertical branch, for various mass splittings, where
INDY DM is achieved. We show the exact solutions to
the Boltzmann equations, in qualitative agreement with the
analytic approximations of Eq. (7). Note that the minimum
value of αann needed to be in the INDY phase is given by
Eq. (11). Therefore the mass of the DM is bounded above
by the unitarity of the hσvi cross section. Moreover, since
Δ > 0, the INDY mechanism predicts lighter DM than the
standard WIMP case [which would correspond to Δ ¼ 0
in Eq. (11)].
Figure 2 depicts the evolution of the densities of χ along

the vertical branch of INDYs for some benchmark values of
mass, splitting and couplings. The two panels illustrate that
the DM density can be set by the freeze-out of the inverse
decay where χ either maintains chemical equilibrium with

FIG. 1. Left: Annihilations versus decays phase diagram, for various mass splittings and DM masses (solid colored curves). The two
new phases are evident: The first is the horizontal branch, where the relic abundance of the DM is set through the annihilations of another
dark particle, with which it is in chemical equilibrium via decays and inverse decays. The second is the vertical branch, where the relic
abundance of the DM is set by the freeze-out of the inverse decay of the DM particle; we dub this “INDY” DM. Right: The decay
coupling versus DMmass that reproduces the observed relic abundance along the vertical branch, for various mass splittings. We plot the
numerical solution to the Boltzmann equations, with the dashed region of the curves indicating where the effective coupling αann that we
use to parametrize the cross section exceeds 100.
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ψ until freeze-out occurs (left panel), or χ can decouple
at early times and still freeze-out in a similar manner
(right panel). In both cases, DM is indeed freezing out
nonrelativistically, justifying our back-of-the-envelope
computation.
A comment is in order regarding initial conditions. In the

above we have assumed an equilibrium distribution for
the DM χ at early times. For such condition to hold, the
thermally averaged decay rate must be higher then the
Hubble rate for some x≲ 1. However in some regions
along the vertical branch, where the coupling αdecay is very
small, decays and inverse decays may not be strong enough
to bring χ into equilibrium in the early universe. Indeed,
decays do not become active until approximately the age of
the universe has reached the lifetime, that is Γ ∼H.
Therefore decays and inverse decays can come into
equilibrium at late times (as opposed to freezing out at
late times). For Γ≳Hðx ¼ 1Þ, decays and inverse decays
will bring ψ and χ in equilibrium before freeze-out.
To understand the impact of the initial conditions, we

assess the extent to which varying them changes the relic
abundance. We find our results to be insensitive to the
initial conditions over a broad range of DM masses and
mass splittings, allowing many orders of magnitude change
in the initial condition without significantly modifying the
relic abundance. If the dark matter inverse decays thermal-
ize before they become nonrelativistic, then the final relic
abundance is essentially insensitive to the initial conditions.
Additionally, one can consider the case in which the inverse
decays are never in equilibrium. In this case, starting with a
near equilibrium abundance or even no abundance of dark
matter (in which case dark matter freezes in and then
freezes out) produces almost the identical parameter space

to match the DM relic abundance. This is evident in the
right panel of Fig. 2, where relic abundance for starting
with an equilibrium value (labeled INDY) and starting with
a small abundance (labeled FIFO) produces nearly iden-
tical αdecay values. We relegate a detailed discussion of
initial conditions and the relation to other phases of the
parameter space to our companion paper [31].
Model.—As proof of concept, we now present a model

that realizes INDY dark matter. Consider a Uð1Þd gauge
theory with gauge coupling ed, two Dirac fermions χ and ψ ,
and a complex scalar Hd, with charges 0, 1, and 1,
respectively. The general renormalizable Lagrangian con-
tains masses for the fermion, a spontaneous symmetry
breaking potential for the scalar, and the Yukawa inter-
action

LYukawa ¼ −yH�
dχ̄ψ þ H:c: ð12Þ

The field Hd acquires a VEV through spontaneous sym-
metry breaking to real scalar field hd, which gives a mass
mAd

to the dark photon and sources a mixing term between
the fermions. This leads to interactions between ψ , χ, and
the dark photon that yield decays and inverse decays.
Mapping to the parametrization of Eqs. (10) and (6), we
have [33–35]:

αdecay ¼
y2ððmχ −mψ Þ2 −m2

Ad
Þððmχ þmψÞ2 þ 2m2

Ad
Þ

32πm2
ψ ðmχ −mψÞ2

ð13Þ

and

FIG. 2. Example solutions to the Boltzmann equations along the vertical branch, where the relic abundance of DM is set by the freeze-
out of the inverse decays of the DM. For both panels, we show the curves for initial conditions Yχ ¼ Yeq

χ (solid) and Yχ ¼ 0 (dashed),
and the corresponding couplings αdecay for INDY DM, freeze-in and freeze-out (FIFO), and freeze-in (FI). Left: χ is thermalized via the
inverse decays, and maintains an equilibrium distribution until freeze-out of its inverse decays. Right: the DM χ departs from chemical
equilibrium early on (due to the smaller αdecay), and later freezes out.
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α2ann ¼
e4d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
Ad

m2
ψ

r
ðm2

ψ −m2
Ad
Þ

32πðm2
ψ − 1

2
m2

Ad
Þ2 m2

ψ : ð14Þ

Large values of y and low values of ed correspond to large
αdecay and represents solutions on the horizontal branch of
Fig. 1, while small values of y and large values of ed
correspond to large values of αann and represents solutions
along the vertical branch of INDY dark matter.
For dark matter masses at the MeV scale and above,

other processes such as co-scattering [10] with the dark
photon can make small corrections to the curves in Fig. 1.
On the horizontal branch, co-scattering plays no role as it
does not change the number of nχ þ nψ particles. INDY
dark matter requires large values of αann, which correspond
to large values of dark coupling ed ∼Oð10−2 − 1Þ, result-
ing in the dark photon mass being similar to the mass
splitting between χ and ψ . Since the ratio between the rates
of the co-scattering process and the inverse decay is
proportional to the dark photon number density, the rate
of the co-scattering processes decreases rapidly when
x ∼ Δ−1 ∼mχ=mAd

, leaving the inverse decay as the dom-
inant process. Co-scattering with the scalar and co-anni-
hilation processes are small for similar reasons, and the
annihilation process of χχ → AdAd is suppressed by y4. The
model can thus accommodate the INDY mechanism. As a
benchmark, for mχ ¼ 200 MeV, mψ ¼ 230 MeV, mAd

¼
27 MeV, mhd ¼ 60 MeV, ed ¼ 0.32, y ¼ 7.7 × 10−9, and
ϵ ¼ 10−4 we obtain the observed relic abundance of DM
particles along the vertical INDY branch, evading current
constraints from BBN and cosmology [36–46] (the life-
times of ϕ; hd, and Ad are all smaller than ∼10−2 sec). Note
that the Yukawa coupling y is a technically natural
parameter of the theory. Equilibrium with the bath is
maintained via dark photon decay and inverse de-
cays, Ad ↔ eþe−.
Phenomenology.—At the mechanism level, χ does not

couple directly to the SM. In the model above, all
interactions of the χ particle are suppressed by y ∼ 10−8,
and the couplings to the SM are further suppressed by
ϵ ≪ 1. As a result, direct detection of DM in the laboratory
and indirect detection of DM annihilations in the galaxy
will be highly suppressed, and thus INDY DM can be
expected to evade these conventional searches. For other
examples of exponentially small couplings to the SM from
coannihilations, see Refs. [47,48].
The dark photon can be searched for directly. Figure 3

shows the relevant parameter space for a visible decaying
dark photon. Existing limits are indicated in shaded gray
[36,45,49–56]. Solid curves indicate the lower limit on the
kinetic mixing parameter ϵ for given mass splitting Δ,
where we have fixed mAd

¼ 0.9Δmχ . Below the solid
curves, the SM and dark sector are not thermalized, while
to the right of the curve, one does not reproduce the DM
relic abundance since the annihilation rate is too small. As

is evident, the allowed parameter space is expected to be
probed by future experiments, indicated by the dashed
curves [45,56–66] (bounds and projections are taken from
the recent compilation in Ref. [42]).
Discovery of the INDY dark matter candidate can

hopefully be made via the direct production of the ψ
particle, which decays into χ and either additional invisible
products or SM products. The ψ particle is typically long
lived; for sub-GeV INDY DM, the lifetime can vary from
OðmmÞ to Oð104 kmÞ. In the model presented above, we
have the decay chain ψ → χAd, Ad → eþe−. This decay
chain can be searched for in beam dump experiments where
off-shell dark photons can be produced. A similar scenario
was recently considered in Ref. [56], which showed that
such decay chains can be probed in current and future beam
dump experiments such as NA62 [67–71], and SeaQuest/
DarkQuest/LongQuest [63,72,73].

The work of Y. H. is supported by the Israel Science
Foundation (Grant No. 1112/17), by the Binational Science
Foundation (Grant No. 2018140), by the I-CORE Program
of the Planning Budgeting Committee (Grant No. 1937/
12), by the Azrieli Foundation and by an ERC STG grant
(“Light-Dark,” Grant No. 101040019). E. K. is supported
by the Israel Science Foundation (Grant No. 1111/17), by
the Binational Science Foundation (Grants No. 2016153
and No. 2020220) and by the I-CORE Program of the
Planning Budgeting Committee (Grant No. 1937/12).
The work of H. M. is supported in part by the Director,
Office of Science, Office of High Energy Physics of the
U.S. Department of Energy under the Contract No. DE-
AC02-05CH11231, by the NSF Grant No. PHY-1915314,
by the US-Israeli Binational Science Foundation (Grant
No. 2018140), by the JSPS Grant-in-Aid for Scienti-
fic Research JP20K03942, MEXT Grant-in-Aid for
Transformative Research Areas (A) JP20H05850,

FIG. 3. Allowed dark photon parameter space. Solid colored
curves indicate the minimal kinetic mixing as a function of dark
photon mass within the model, for various values of mass
splitting Δ and with mAd

¼ 0.9Δmχ . We show existing limits
[36,45,49–56] in shaded gray, with future projections [45,56–66]
indicated by the colored dashed curves.

PHYSICAL REVIEW LETTERS 130, 121001 (2023)

121001-5



JP20A203, by WPI, MEXT, Japan, the Institute for AI and
Beyond of the University of Tokyo, and Hamamatsu
Photonics. This project has received funding from the
European Research Council (ERC) under the European
Union's Horizon Europe research and innovation pro-
gramme (Grant Agreement No. 101040019). Views and
opinions expressed are however those of the author(s) only
and do not necessarily reflect those of the European Union.
The European Union cannot be held responsible for them.

*ronny.frumkin@mail.huji.ac.il
†yonit.hochberg@mail.huji.ac.il
‡eric.kuflik@mail.huji.ac.il
§hitoshi@berkeley.edu
∥hitoshi.murayama@ipmu.jp

[1] Y. Hochberg, E. Kuflik, T. Volansky, and J. G. Wacker,
Phys. Rev. Lett. 113, 171301 (2014).

[2] Y. Hochberg, E. Kuflik, H. Murayama, T. Volansky, and
J. G. Wacker, Phys. Rev. Lett. 115, 021301 (2015).

[3] K. Griest and D. Seckel, Phys. Rev. D 43, 3191 (1991).
[4] R. T. D’Agnolo and J. T. Ruderman, Phys. Rev. Lett. 115,

061301 (2015),
[5] E. Kuflik, M. Perelstein, N. R.-L. Lorier, and Y.-D. Tsai,

Phys. Rev. Lett. 116, 221302 (2016).
[6] E. Kuflik, M. Perelstein, N. R.-L. Lorier, and Y.-D. Tsai,

J. High Energy Phys. 08 (2017) 078.
[7] J. A. Dror, E. Kuflik, and W. H. Ng, Phys. Rev. Lett. 117,

211801 (2016).
[8] J. A. Dror, E. Kuflik, B. Melcher, and S. Watson, Phys. Rev.

D 97, 063524 (2018).
[9] J. Kopp, J. Liu, T. R. Slatyer, X.-P. Wang, and W. Xue,

J. High Energy Phys. 12 (2016) 033.
[10] R. T. D’Agnolo, D. Pappadopulo, and J. T. Ruderman, Phys.

Rev. Lett. 119, 061102 (2017).
[11] R. T. D’Agnolo, C. Mondino, J. T. Ruderman, and P.-J.

Wang, J. High Energy Phys. 08 (2018) 079.
[12] P. J. Fitzpatrick, H. Liu, T. R. Slatyer, and Y.-D. Tsai, Phys.

Rev. D 106, 083517 (2022).
[13] H. Kim and E. Kuflik, Phys. Rev. Lett. 123, 191801

(2019).
[14] P. Asadi, E. D. Kramer, E. Kuflik, G.W. Ridgway, T. R.

Slatyer, and J. Smirnov, Phys. Rev. Lett. 127, 211101
(2021).

[15] P. Asadi, E. D. Kramer, E. Kuflik, G.W. Ridgway, T. R.
Slatyer, and J. Smirnov, Phys. Rev. D 104, 095013 (2021).

[16] L. J. Hall, K. Jedamzik, J. March-Russell, and S. M. West,
J. High Energy Phys. 03 (2010) 080.

[17] A. Berlin, D. Hooper, and G. Krnjaic, Phys. Lett. B 760, 106
(2016).

[18] D. E. Morrissey, D. Poland, and K. M. Zurek, J. High
Energy Phys. 07 (2009) 050.

[19] T. Cohen, D. J. Phalen, A. Pierce, and K. M. Zurek, Phys.
Rev. D 82, 056001 (2010).

[20] P. Bandyopadhyay, E. J. Chun, and J.-C. Park, J. High
Energy Phys. 06 (2011) 129.

[21] M. Farina, D. Pappadopulo, J. T. Ruderman, and G.
Trevisan, J. High Energy Phys. 12 (2016) 039.

[22] Y. Hochberg, E. Kuflik, and H. Murayama, Phys. Rev. D 99,
015005 (2019).

[23] J. L. Feng, A. Rajaraman, and F. Takayama, Phys. Rev. Lett.
91, 011302 (2003).

[24] M. Kaplinghat, Phys. Rev. D 72, 063510 (2005).
[25] T. Moroi and L. Randall, Nucl. Phys. B570, 455 (2000).
[26] B. S. Acharya, G. Kane, S. Watson, and P. Kumar, Phys.

Rev. D 80, 083529 (2009).
[27] A. Azatov, M. Vanvlasselaer, and W. Yin, J. High Energy

Phys. 03 (2021) 288.
[28] M. Garny, J. Heisig, B. Lülf, and S. Vogl, Phys. Rev. D 96,

103521 (2017).
[29] C. E. Yaguna, Phys. Lett. B 669, 139 (2008).
[30] M. Garny, J. Heisig, M. Hufnagel, B. Lülf, and S. Vogl,

Proc. Sci., CORFU2018 (2019) 092 [arXiv:1904.00238].
[31] R. Frumkin, Y. Hochberg, E. Kuflik, and H. Murayama (to

be published).
[32] R. Frumkin, E. Kuflik, I. Lavie, and T. Silverwater,

arXiv:2207.01635.
[33] V. Shtabovenko, R. Mertig, and F. Orellana, Comput. Phys.

Commun. 256, 107478 (2020).
[34] V. Shtabovenko, R. Mertig, and F. Orellana, Comput. Phys.

Commun. 207, 432 (2016).
[35] R. Mertig, M. Bohm, and A. Denner, Comput. Phys.

Commun. 64, 345 (1991).
[36] R. H. Parker, C. Yu, W. Zhong, B. Estey, and H. Müller,

Science 360, 191 (2018),
[37] D. Banerjee et al., Phys. Rev. Lett. 123, 121801 (2019).
[38] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. Lett.

119, 131804 (2017).
[39] S. Andreas, C. Niebuhr, and A. Ringwald, Phys. Rev. D 86,

095019 (2012).
[40] J. Blümlein and J. Brunner, Phys. Lett. B 731, 320

(2014).
[41] N. Collaboration, Phys. Lett. B 746, 178 (2015).
[42] Y.-D. Tsai, R. McGehee, and H. Murayama, Phys. Rev. Lett.

128, 17 (2022).
[43] M. Ibe, S. Kobayashi, Y. Nakayama, and S. Shirai, J. High

Energy Phys. 04 (2020) 009.
[44] N. Sabti, J. Alvey, M. Escudero, M. Fairbairn, and D. Blas,

J. Cosmol. Astropart. Phys. 06 (2020) 004.
[45] J. Alexander et al., arXiv:1608.08632.
[46] M. Bauer, P. Foldenauer, and J. Jaeckel, J. High Energy

Phys. 07 (2018) 094.
[47] S. Ferrari, T. Hambye, J. Heeck, and M. H. G. Tytgat, Phys.

Rev. D 99, 055032 (2019).
[48] R. T. D’Agnolo, D. Pappadopulo, J. T. Ruderman, and P.-J.

Wang, Phys. Rev. Lett. 124, 151801 (2020).
[49] A. Fradette, M. Pospelov, J. Pradler, and A. Ritz, Phys. Rev.

D 90, 035022 (2014).
[50] J. H. Chang, R. Essig, and S. D. McDermott, J. High Energy

Phys. 01 (2017) 107.
[51] E. Hardy and R. Lasenby, J. High Energy Phys. 02

(2017) 033.
[52] M. Pospelov and Y.-D. Tsai, Phys. Lett. B 785, 288

(2018).
[53] D. Banerjee et al. (NA64 Collaboration), Phys. Rev. Lett.

120, 231802 (2018).
[54] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 120,

061801 (2018).

PHYSICAL REVIEW LETTERS 130, 121001 (2023)

121001-6

https://doi.org/10.1103/PhysRevLett.113.171301
https://doi.org/10.1103/PhysRevLett.115.021301
https://doi.org/10.1103/PhysRevD.43.3191
https://doi.org/10.1103/PhysRevLett.115.061301
https://doi.org/10.1103/PhysRevLett.115.061301
https://doi.org/10.1103/PhysRevLett.116.221302
https://doi.org/10.1007/JHEP08(2017)078
https://doi.org/10.1103/PhysRevLett.117.211801
https://doi.org/10.1103/PhysRevLett.117.211801
https://doi.org/10.1103/PhysRevD.97.063524
https://doi.org/10.1103/PhysRevD.97.063524
https://doi.org/10.1007/JHEP12(2016)033
https://doi.org/10.1103/PhysRevLett.119.061102
https://doi.org/10.1103/PhysRevLett.119.061102
https://doi.org/10.1007/JHEP08(2018)079
https://doi.org/10.1103/PhysRevD.106.083517
https://doi.org/10.1103/PhysRevD.106.083517
https://doi.org/10.1103/PhysRevLett.123.191801
https://doi.org/10.1103/PhysRevLett.123.191801
https://doi.org/10.1103/PhysRevLett.127.211101
https://doi.org/10.1103/PhysRevLett.127.211101
https://doi.org/10.1103/PhysRevD.104.095013
https://doi.org/10.1007/JHEP03(2010)080
https://doi.org/10.1016/j.physletb.2016.06.037
https://doi.org/10.1016/j.physletb.2016.06.037
https://doi.org/10.1088/1126-6708/2009/07/050
https://doi.org/10.1088/1126-6708/2009/07/050
https://doi.org/10.1103/PhysRevD.82.056001
https://doi.org/10.1103/PhysRevD.82.056001
https://doi.org/10.1007/JHEP06(2011)129
https://doi.org/10.1007/JHEP06(2011)129
https://doi.org/10.1007/JHEP12(2016)039
https://doi.org/10.1103/PhysRevD.99.015005
https://doi.org/10.1103/PhysRevD.99.015005
https://doi.org/10.1103/PhysRevLett.91.011302
https://doi.org/10.1103/PhysRevLett.91.011302
https://doi.org/10.1103/PhysRevD.72.063510
https://doi.org/10.1016/S0550-3213(99)00748-8
https://doi.org/10.1103/PhysRevD.80.083529
https://doi.org/10.1103/PhysRevD.80.083529
https://doi.org/10.1007/JHEP03(2021)288
https://doi.org/10.1007/JHEP03(2021)288
https://doi.org/10.1103/PhysRevD.96.103521
https://doi.org/10.1103/PhysRevD.96.103521
https://doi.org/10.1016/j.physletb.2008.09.048
https://doi.org/10.22323/1.347.0092
https://arXiv.org/abs/1904.00238
https://arXiv.org/abs/2207.01635
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2016.06.008
https://doi.org/10.1016/j.cpc.2016.06.008
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1126/science.aap7706
https://doi.org/10.1103/PhysRevLett.123.121801
https://doi.org/10.1103/PhysRevLett.119.131804
https://doi.org/10.1103/PhysRevLett.119.131804
https://doi.org/10.1103/PhysRevD.86.095019
https://doi.org/10.1103/PhysRevD.86.095019
https://doi.org/10.1016/j.physletb.2014.02.029
https://doi.org/10.1016/j.physletb.2014.02.029
https://doi.org/10.1016/j.physletb.2015.04.068
https://doi.org/10.1103/PhysRevLett.128.172001
https://doi.org/10.1103/PhysRevLett.128.172001
https://doi.org/10.1007/JHEP04(2020)009
https://doi.org/10.1007/JHEP04(2020)009
https://doi.org/10.1088/1475-7516/2020/06/004
https://arXiv.org/abs/1608.08632
https://doi.org/10.1007/JHEP07(2018)094
https://doi.org/10.1007/JHEP07(2018)094
https://doi.org/10.1103/PhysRevD.99.055032
https://doi.org/10.1103/PhysRevD.99.055032
https://doi.org/10.1103/PhysRevLett.124.151801
https://doi.org/10.1103/PhysRevD.90.035022
https://doi.org/10.1103/PhysRevD.90.035022
https://doi.org/10.1007/JHEP01(2017)107
https://doi.org/10.1007/JHEP01(2017)107
https://doi.org/10.1007/JHEP02(2017)033
https://doi.org/10.1007/JHEP02(2017)033
https://doi.org/10.1016/j.physletb.2018.08.053
https://doi.org/10.1016/j.physletb.2018.08.053
https://doi.org/10.1103/PhysRevLett.120.231802
https://doi.org/10.1103/PhysRevLett.120.231802
https://doi.org/10.1103/PhysRevLett.120.061801
https://doi.org/10.1103/PhysRevLett.120.061801


[55] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 124,
041801 (2020).

[56] Y.-D. Tsai, P. deNiverville, and M. X. Liu, Phys. Rev. Lett.
126, 181801 (2021).

[57] A. Celentano (HPS Collaboration), J. Phys. Conf. Ser. 556,
012064 (2014).

[58] W. Altmannshofer et al. (Belle-II Collaboration),
Prog. Theor. Exp. Phys. 2019, 123C01 (2019); 2020,
029201(E) (2020).

[59] P. Ilten, J. Thaler, M. Williams, and W. Xue, Phys. Rev. D
92, 115017 (2015).

[60] S. Alekhin et al., Rep. Prog. Phys. 79, 124201 (2016).
[61] P. Ilten, Y. Soreq, J. Thaler, M. Williams, and W. Xue, Phys.

Rev. Lett. 116, 251803 (2016).
[62] A. Caldwell et al., arXiv:1812.11164.
[63] A. Berlin, S. Gori, P. Schuster, and N. Toro, Phys. Rev. D

98, 035011 (2018).
[64] A. Berlin, N. Blinov, G. Krnjaic, P. Schuster, and N. Toro,

Phys. Rev. D 99, 075001 (2019).

[65] A. Ariga et al. (FASER Collaboration), Phys. Rev. D 99,
095011 (2019).

[66] C. NA62 (NA62 Collaboration), 2018 NA62 Status Report
to the CERN SPSC, Technical Report (CERN, Geneva,
2018).

[67] E. Cortina Gil et al. (NA62 Collaboration), J. Instrum. 12,
P05025 (2017).

[68] B. Döbrich (NA62 Collaboration), Frascati Phys. Ser. 66,
312 (2018).

[69] B. Döbrich, J. Jaeckel, and T. Spadaro, J. High Energy Phys.
05 (2019) 213; 10 (2020) 46.

[70] C.-W. Chiang and P.-Y. Tseng, Phys. Lett. B 767, 289
(2017).

[71] E. Cortina Gil et al. (NA62 Collaboration), J. High Energy
Phys. 05 (2019) 182.

[72] S. Gardner, R. J. Holt, and A. S. Tadepalli, Phys. Rev. D 93,
115015 (2016).

[73] M. X. Liu, Mod. Phys. Lett. A 32, 1730008 (2017).

PHYSICAL REVIEW LETTERS 130, 121001 (2023)

121001-7

https://doi.org/10.1103/PhysRevLett.124.041801
https://doi.org/10.1103/PhysRevLett.124.041801
https://doi.org/10.1103/PhysRevLett.126.181801
https://doi.org/10.1103/PhysRevLett.126.181801
https://doi.org/10.1088/1742-6596/556/1/012064
https://doi.org/10.1088/1742-6596/556/1/012064
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1093/ptep/ptaa008
https://doi.org/10.1093/ptep/ptaa008
https://doi.org/10.1103/PhysRevD.92.115017
https://doi.org/10.1103/PhysRevD.92.115017
https://doi.org/10.1088/0034-4885/79/12/124201
https://doi.org/10.1103/PhysRevLett.116.251803
https://doi.org/10.1103/PhysRevLett.116.251803
https://arXiv.org/abs/1812.11164
https://doi.org/10.1103/PhysRevD.98.035011
https://doi.org/10.1103/PhysRevD.98.035011
https://doi.org/10.1103/PhysRevD.99.075001
https://doi.org/10.1103/PhysRevD.99.095011
https://doi.org/10.1103/PhysRevD.99.095011
https://doi.org/10.1088/1748-0221/12/05/P05025
https://doi.org/10.1088/1748-0221/12/05/P05025
https://doi.org/10.1007/JHEP05(2019)213
https://doi.org/10.1007/JHEP05(2019)213
https://doi.org/10.1007/JHEP10(2020)046
https://doi.org/10.1016/j.physletb.2017.02.022
https://doi.org/10.1016/j.physletb.2017.02.022
https://doi.org/10.1007/JHEP05(2019)182
https://doi.org/10.1007/JHEP05(2019)182
https://doi.org/10.1103/PhysRevD.93.115015
https://doi.org/10.1103/PhysRevD.93.115015
https://doi.org/10.1142/S0217732317300087

