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1 Introduction

Dark matter has provided an important playground for model building for new physics, due
to the lack of elementary particles or composite analogues for dark matter in the Standard
Model (SM). Weakly Interacting Massive Particles (WIMPs) have been best studied due
to the testability in terrestrial experiments through their sizable interactions to the SM.
However, the null signals for WIMP dark matter in various direct and indirect detection
experiments lead us to ponder about alternative possibilities including light dark matter
candidates below GeV scale with feeble interactions.

Recently there have been intriguing anomalies below 7 keV in the electron recoil energy
reported by XENON1T experiment, at about 3σ deviation from the known background
model [1]. There is still a need of understanding the background candidates for the anoma-
lies such as tritium and accumulating more data with a longer period of time before making
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a definite conclusion on the XENON1T excess. Nonetheless, it is worthwhile to pursue a
consistent model for dark matter to explain the XENON1T excess. Exothermic dark mat-
ter has drawn new attention in this regard, due to the fact that a heavier component dark
matter scatters off electron down to a lighter component dark matter [2–5], producing the
recoil energy of electron peaked at the mass splitting between two components, even for
the standard Maxwellian distribution of dark matter velocity. Pseudo-Dirac fermion dark
matter [6] or complex scalar dark matter [7] with a dark U(1)′ symmetry have been pro-
posed to explain the XENON1T excess. In these scenarios for exothermic dark matter, it
is common to take dark matter and mediator particles to be light below GeV scale [8–12],
belonging to the category that has been of growing interest in recent years as alternatives
to WIMP dark matter.

In this article, we propose a novel mechanism for exothermic dark matter based on
the dark flavor symmetry SU(Nf )L × SU(Nf )R/SU(Nf )V for dark quarks in SU(Nc) dark
QCD. In this scenario, dark mesons are bound states formed from dark quarks, and
they are regarded naturally as candidates for light dark matter, thanks to the pseudo-
Goldstone nature after the dark flavor symmetry is spontaneously broken by dark QCD
condensation [13]. We partially gauge the dark flavor symmetry by a dark local U(1)′ to
communicate between dark mesons and the SM via Z ′ portal and take the U(1)′ charges
of dark quarks to be vector-like but flavor-dependent under the U(1)′ [14]. Even if the
dark flavor symmetry is broken explicitly by the flavor-dependent U(1)′, the longevity of
dark mesons is ensured due to the appropriate assignment of dark charges for no chiral
anomalies in the dark sector [14], as well as the approximate dark flavor symmetry with a
small U(1)′ gauge coupling and a Z ′ mass larger than dark QCD condensation scale.

In this work, we investigate a new origin of small mass splitting for exothermic dark
mesons from small mixing Yukawa couplings between dark quarks and dark Higgs. After
the local U(1)′ is broken by the VEV of a dark Higgs, small mixing masses for dark quarks
are induced, giving rise to split masses for dark mesons and at the same time the meson-
changing interactions for Z ′, due to the fact that the mass matrix for dark quarks and the
dark charge operator are not simultaneously diagonalized. We make a concrete discussion
on the mass splitting and meson-changing interactions for Nf = 3 case and search for
a consistent parameter space for explaining the XENON1T excess with a better fit by
two correlated monochromatic peaks from exothermic dark mesons and satisfying various
experimental constraints as well as the requirement from the correct relic density and the
radiative stability of dark mesons.

The paper is organized as follows. We begin with a description of the model setup for
dark mesons and introduce necessary interactions for the later discussion. Then, we show
how the mass splitting between dark mesons is generated for Nf = 2 and Nf = 3 cases
and also discuss the effects from Z ′ gauge interactions on that. Next, we collect the model-
independent ingredients for split dark mesons with Nf > 2 in direct detection, relic density
calculations, kinetic decoupling, late chemical decoupling and lifetime of dark mesons, in
order. Focusing on Nf = 3 case, we continue to show the consistent parameter space for
exothermic dark mesons in light of the XENON1T excess. Finally, conclusions are drawn.
There is one appendix showing the details for Wess-Zumino-Witten interactions for Z ′ and
dark mesons for Nf = 3.
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2 The setup

We consider dark mesons as light dark matter living on SU(Nf )L × SU(Nf )R/SU(Nf )V
flavor symmetry and SU(Nc) color group in the dark sector. A nonzero Wess-Zumino-
Witten (WZW) term [15, 16] exists only for a nontrivial homotopy group, π5(G/H) = Z,
i.e. Nf ≥ 3 for G = SU(Nf )L × SU(Nf )R and H = SU(Nf )V . Then, general dark
mesons can be described by the chiral perturbation theory with the WZW term in the dark
sector [13, 14, 17–21].

We make a partial gauging of the flavor symmetry with a dark local U(1)′ and impose
dark quarks to be vector-like under the U(1)′. In order to protect neutral dark mesons
from being decaying, we need to cancel the Axial-Vector-Vector current anomalies, simply
chiral anomalies, for the dark chiral symmetry, by choosing the charge operator Q′ for
dark quarks to satisfy Tr(Q′2ta) = 0 for ta ∈ SU(Nf )L × SU(Nf )R/SU(Nf )V being broken
generators of the flavor symmetry. To this, we can choose a simple but nontrivial choice,
Q′2 = 1, so the charge operator takes +1 or −1 with Tr(Q′) 6= 0 [14]. In this case, some of
dark mesons become charged under the U(1)′. We assume that the dark U(1)′ is broken
spontaneously due to the VEV of a dark Higgs φ, so the corresponding dark gauge boson
Z ′ gets massive.

The Lagrangian for dark mesons π, dark gauge boson Z ′, and dark Higgs φ are given by

L = −1
4F
′
µνF

′µν − 1
2 sin ξ F ′µνBµν + |Dµφ|2 − V (φ)

+ f2
π

4 Tr
[
DµΣ(DµΣ)†

]
+ f2

π

2 Tr
[
µ(MΣ + Σ†M)

]
+ f4

π

4 c g
2
Z′Tr

[
Q′ΣQ′Σ†

]
+ LWZW + LgWZW (2.1)

where F ′µν = ∂µZ
′
ν −∂νZ ′µ is the field strength tensor, Σ = exp(i2π/fπ) with π = πata con-

tains the dark mesons, and the covariant derivatives are Dµφ = (∂µ+iqφgZ′Z ′µ)φ with U(1)′

charge being qφ = +2 and DµΣ = ∂µΣ+ igZ′ [Q′,Σ]Z ′µ. Here, ξ is the gauge kinetic mixing,
M is the dark quark mass matrix, µ parametrizes the dark QCD condensation scale, and the
coefficient of the Z ′ corrections to dark mesons is parametrized as c∼ 1

16π2
µ2

m2
Z′

[20, 21]. We
also note that LWZW is the Wess-Zumino-Witten term, which contains in the leading order,

LWZW = 2Nc

15π2f5
π

εµνρσTr[π∂µπ∂νπ∂ρπ∂σπ], (2.2)

and LgWZW includes the additional Z ′ invariant meson interactions [16], which are given
in the leading order by

LgWZW = iNcgZ′

3π2f3
π

εµνρσ Z ′µ Tr[Q′∂νπ∂ρπ∂σπ]. (2.3)

Here, we find that there is no extra Z ′ − Z ′ − π − π coupling coming from the gauged
WZW term in our case due to Q′2 = 1. The WZW term is important for determining the
relic density with 3→ 2 annihilation processes for SIMP dark mesons with Nf ≥ 3 in the
strongly coupled regime [14, 17, 18, 20, 21].
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From the chiral Lagrangian in the dark sector, we obtain the quartic self-interactions
for dark mesons as follows,

Lπ,4 = 2
3f2
π

Tr[(∂µπ)π(∂µπ)π − π2(∂µπ)(∂µπ)]. (2.4)

The dark meson mass terms in the full Lagrangian in eq. (2.1) give rise to extra quartic
self-interactions for dark mesons.

The dark Higgs potential V (φ) takes the form, V (φ) = m2
φ|φ|2 + λφ|φ|4, and the dark

Higgs can mix with the SM Higgs by a quartic coupling, −λφH |φ|2|H|2. After the dark
Higgs is expanded around a nonzero VEV by 〈φ〉 = (vφ + h′)/

√
2, Z ′ and the dark Higgs

masses are given by mZ′ = qφgZ′vφ and mh′ =
√

2λφvφ, in the limit of small mixings with
the visible sector. Moreover, the dark Higgs interactions to Z ′ are also given by

Lh′,int = m2
Z′

vφ
h′Z ′µZ

′µ + 1
2q

2
φg

2
Z′h
′2Z ′µZ

′µ. (2.5)

The dark Higgs also has small mixing Yukawa couplings to dark quarks as will be discussed
in the next section, but the resulting dark Higgs interactions to dark mesons are suppressed
for small mass splittings for dark mesons. Moreover, the dark Higgs can have a small mixing
with the SM Higgs through the Higgs portal coupling λφH , but we assume it to be small
enough to satisfy the phenomenological bounds such as Higgs invisible decay but it can be
nonzero for kinetic equilibrium with the SM during the freeze-out.

There is a communication between dark matter and the SM, due to the gauge kinetic
term between the dark photon Z ′ and the SM hypercharge [14]. For a small gauge kinetic
mixing in eq. (2.1), that is, ξ � 1, the Z ′ interactions to the SM are approximated [6, 22] by

LZ′,SM = −eεZ ′µ

(
JµEM + m2

Z′

2c2
Wm

2
Z

JµZ

)
+ gZ′Z

′
µJ

µ
Z′ (2.6)

where ε ≡ cW ξ with cW = cos θW , and JµEM, J
µ
Z are electromagnetic and neutral currents

in the SM, for instance, JµEM = ēγµe for electron and JµZ = ν̄γµPLν for neutrinos, and JµZ′
is the dark U(1)′ current. Then, dark mesons can scatter off the electron through Z ′-portal
for direct detection of dark matter, and dark mesons can pair annihilate into e+e− for
determining the relic density.

3 Mass splittings and flavor violation for dark mesons

If the charge operator for U(1)′ is not universal, in general, the Z ′ gauge interactions
to dark quarks do not remain diagonal in the basis of mass eigenstates after the mass
matrix for dark quarks is diagonalized. Suppose that the mass matrix for dark quarks is
diagonalized to

Mdiag = VLMV †R = diag(m′1,m′2, · · · ,m′Nf ) (3.1)

with VL and VR being rotation matrices for left-handed and right-handed dark quarks. As
a result, the mass terms for dark mesons become

Lm = −f
2
π

2 Tr
[
µ(MdiagΣ̃ + Σ̃†Mdiag)

]
− f4

π

4 c g
2
Z′Tr

[
(VRQ′V †R)Σ̃(VLQ′V †L)Σ̃†

]
(3.2)
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with the mesons being redefined as

Σ̃ = VRΣV †L ≡ exp(i2π̃/fπ). (3.3)

Then, the meson mass terms can be identified from the expansion of the first term in
eq. (3.2) and they receive corrections from the Z ′ interactions in the second term of eq. (3.2).

On the other hand, the covariant derivative for redefined dark mesons becomes, in the
basis of the diagonalized mass matrix,

DµΣ̃ = ∂µΣ̃ + igZ′(VRQ′V †RΣ̃− Σ̃VLQ′V †L)Z ′µ. (3.4)

Therefore, for the flavor-dependent Q′, the new charge operators, VRQ′V †R or VLQ′V †L ,
appearing in the covariant derivatives for dark mesons, do not have to be flavor diago-
nal,1 leading to flavor-changing meson interactions with Z ′. However, the quartic self-
interactions in eq. (2.4) and WZW terms in eq. (2.2) for the redefined dark mesons take
the same forms as for the original dark mesons.

Suppose that the mass matrix for dark quarks have the degenerate diagonal entries m1,
due to the SU(Nf ) flavor symmetry. Introducing the dark charge operator of the form [14],

Q′ = diag(+1,−1,−1, · · · ,−1), (3.5)

that is, q′1 quark carries the opposite U(1)′ charge from those of q′j with j = 2, 3, · · · , Nf ,
we can write down the following the mixing Yukawa couplings between dark quarks and
the dark Higgs φ carrying +2 charge,

Lmix = −
∑
i 6=j

yij φ q̄
′
iq
′
j − h.c. (3.6)

Then, after the U(1)′ symmetry is broken spontaneously due to a nonzero VEV of φ, the
mixing mass terms are generated, so the SU(Nf ) flavor symmetry is broken explicitly. For
small Yukawa couplings, we can generate small mass mixing parameters, yij〈φ〉 � m1, so
the mass splittings between dark quarks appear small.

3.1 Nf = 2 case

For Nf = 2, the dark mesons take the following form,

π = 1√
2

 1√
2π

0 π+

π− − 1√
2π

0

 . (3.7)

Choosing the dark charge operator as

Q′ =
(

1 0
0 −1

)
, (3.8)

1Split masses for dark mesons were also discussed in refs. [20, 21], but the dark charge operator for Z′

and the dark quark mass matrix are taken to be diagonalized simultaneously, unlike our case.
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and assuming that the mass matrix for dark quarks is diagonal, we obtain the Z ′ gauge
interations as

LZ′,2π = 2igZ′Z ′µ(π+∂µπ
− − π−∂µπ+) + 4g2

Z′Z
′
µZ
′µπ+π−. (3.9)

In this case, no WZW term is allowed, so neither is gauged counterpart for Z ′.
In the limit of vanishing Z ′ corrections, the dark meson masses for Nf = 2 are given by

m2
π̃±

= m2
π̃0 = µ(m′1 +m′2). (3.10)

We take the dark quark mass matrix to be deviated by identity due to nonzero off-diagonal
components, as follows,

M =
(
m1 ε

ε m1

)
(3.11)

with ε = y12〈φ〉. Then, the above mass matrix is diagonalized by

VR = VL =

 1√
2 −

1√
2

1√
2

1√
2

 , (3.12)

and the mass eigenvalues are given by

m′1 = m1 − ε, (3.13)
m′2 = m1 + ε. (3.14)

So, in this case, m2
π̃±

= m2
π̃0 = 2µm1, so there is no mass splitting from the mass mixing

of dark quarks. However, the Z ′ interactions make the meson mass splitting, as follows,

m2
π̃1 = m2

π̃
, (3.15)

m2
π̃0 = m2

π̃2 = m2
π̃
− 2δ (3.16)

with m2
π̃ = 2µm1, δ = cg2

Z′f
2
π , and π̃± = 1√

2(π̃1 ∓ iπ̃2). Then, for δ � m2
π̃
, the mass

difference is given by mπ̃1 − mπ̃0,2 ' δ/mπ̃. For Nf = 2, it is crucial to include the Z ′

corrections to the meson mass splitting.
As compared to eq. (3.9), the Z ′ interactions are maintained in the basis of mass

eigenstates,

LZ′,int = 2gZ′Z ′µ(π̃2∂µπ̃0 − π̃0∂µπ̃2) + 2g2
Z′Z

′
µZ
′µ
[
(π̃0)2 + (π̃2)2

]
. (3.17)

In this case, there is no exothermic process through Z ′ interactions, because π̃0, π̃2 are
still mass degenerate. Therefore, we need to go beyond Nf = 2 to realize a minimal
scenario for exothermic dark mesons through Z ′ interactions, so we focus on the Nf = 3
case in the following discussion. Nonetheless, it is still interesting to consider a minimal
dark matter scenario where dark mesons with split masses are self-interacting and have Z ′

portal interactions.
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3.2 Nf = 3 case

For Nf = 3, there are additional dark mesons given in the following form,

π = 1√
2


1√
2π

0 + 1√
6η

0 π+ K+

π− − 1√
2π

0 + 1√
6η

0 K0

K− K0 − 2√
6η

0

 . (3.18)

Taking the charge operator Q′ for dark quarks under the U(1)′ [14] to be

Q′ =

 1 0 0
0 −1 0
0 0 −1

 , (3.19)

and assuming that the mass matrix for dark quarks is diagonal, we determine the Z ′ gauge
interactions [14] by

LZ′,2π = 2igZ′Z ′µ
(
K+∂µK− −K−∂µK+ + π+∂µπ− − π−∂µπ+

)
+ 4g2

Z′Z
′
µZ
′µ(K+K− + π+π−). (3.20)

We also note that from eq. (2.3), the gauged WZW terms contain the Z ′ couplings to three
dark mesons for the dark charge operator in eq. (3.19). These cubic dark meson interactions
to Z ′ are important for determining the relic abundance from the semi-annihilation of dark
mesons, πiπj → πkZ ′.

In the limit of vanishing Z ′ corrections, the dark meson masses for Nf = 3 are given by

m2
π̃±

= µ(m′1 +m′2), (3.21)

m2
K̃±

= µ(m′1 +m′3), (3.22)

m2
K̃0 = µ(m′2 +m′3), (3.23)

and π̃0, η̃0 mix by the following mixing mass matrix,

M2
0 = µ

 m′1 +m′2
1√
3(m′1 −m′2)

1√
3(m′1 −m′2) 1

3(m′1 +m′2 + 4m′3)

 . (3.24)

Then, in the limit of degenerate masses for dark quarks, i.e. m′1 = m′2 = m′3, all the dark
mesons have the same masses as m2

π̃
= 2µm′1. But, for non-degenerate masses for dark

quarks, dark meson masses are not degenerate any longer.
Including the mixing mass terms for dark quarks, we take the mass matrix for dark

quarks to be deviated from identity, as follows,

M =

m1 ε ε′

ε m1 0
ε′ 0 m1

 (3.25)
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with ε = y12〈φ〉 and ε′ = y13〈φ〉. We note that the (2, 3), (3, 2) entries in the dark quark
mass matrix are taken to zero, because we assumed that the SU(3) flavor symmetry is
restored for the unbroken U(1)′.

Due to the violation of flavor symmetry with ε 6= 0 and ε′ 6= 0, the rotation matrices
are nontrivial and they are given by

VR = VL =


1√
2 −

1√
2 cos θ − 1√

2 sin θ
1√
2

1√
2 cos θ 1√

2 sin θ

0 − sin θ cos θ

 , (3.26)

with
sin θ ≡ ε′√

ε2 + ε′2
, (3.27)

and the mass eigenvalues are given by

m′1 = m1 −
√
ε2 + ε′2, (3.28)

m′2 = m1 +
√
ε2 + ε′2, (3.29)

m′3 = m1. (3.30)

In this case, even without including Z ′ interactions, we get the split dark meson masses,

m2
π̃±

= m2
π̃
, (3.31)

m2
π̃0 = m2

π̃

(
1− 2∆m√

3mπ̃

)
, (3.32)

m2
K̃±

= m2
π̃

(
1− ∆m

mπ̃

)
, (3.33)

m2
K̃0 = m2

π̃

(
1 + ∆m

mπ̃

)
, (3.34)

m2
η̃0 = m2

π̃

(
1 + 2∆m√

3mπ̃

)
. (3.35)

where m2
π̃
≡ 2µm1 and ∆m ≡ µ

√
ε2 + ε′2/mπ̃, Therefore, we get the mass hierarchy for

dark mesons as mη̃0 > m
K̃0 > mπ̃± > m

K̃±
> mπ̃0 . The mass splittings for the dark

mesons participating in the Z ′ interactions are given by

m2
K̃0 −m

2
K̃±

=
√

3
(
m2
π̃±
−m2

π̃0

)
= 2∆m. (3.36)

The result is different from the Dashen’s mass relation [23], because the meson masses get
split due to the mixing between three dark quarks, instead of the gauge corrections. As a
result, for ∆m� mπ̃ with small ε, ε′, the mass differences are given by m

K̃0 −mK̃±
' ∆m

and mπ̃± −mπ̃0 ' 1√
3 ∆m. We remark that for Nf = 3, there is no need of Z ′ corrections

for dark meson mass splitting, unlike the case with Nf = 2.
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As compared to eq. (3.20), the Z ′ gauge interactions to redefined dark mesons with
eq. (3.4) are given by

LZ′,int = igZ′Z
′
µ

[
(K̃0 + K̃+)∂µ(K̃0 + K̃−)− (K̃0 + K̃−)∂µ(K̃0 + K̃+)

−
√

2(π̃− − π̃+)∂µπ̃0 +
√

2π̃0∂µ(π̃− − π̃+)
]

+ g2
Z′Z

′
µZ
′µ
[
2(K̃0 + K̃+)(K̃0 + K̃−) + 2(π̃0)2 − (π̃− − π̃+)2

]
. (3.37)

As a consequence, there are not only flavor-conserving interactions for dark mesons but
also flavor-changing interactions for dark mesons with split masses, such as K̃0 → K̃+,
π̃± → π̃0, thus realizing the exothermic dark matter for an appropriate mass splitting
between dark mesons. Thus, the exothermic processes for non-degenerate dark mesons can
be responsible for explaining the electron recoil excess in XENON1T experiment, while the
elastic scattering processes for degenerate dark mesons can be tested in other light dark
matter experiments.

We remark that the dark meson masses also receive radiative corrections due to Z ′

interactions as in the case with Nf = 2. Then, masses for kaon-like and pion-like mesons
get split further, but η̃0 meson keeps the same mass as in eq. (3.35).

First, for kaon-like dark mesons, the mass matrix in the general rotated basis of
(K̃0, K̃+) is corrected due to Z ′ interactions to

M2
K̃

=

m2
π̃

(
1 + ∆m

mπ̃

)
− δ −δ

−δ m2
π̃

(
1− ∆m

mπ̃

)
− δ

 (3.38)

where δ = c g2
Z′f

2
π . Then, the mass eigenvalues for the kaon-like mesons become

m2
K1,2 = m2

π̃ − δ ±
√
δ2 +m2

π̃(∆m)2. (3.39)

So, if δ & mπ̃∆m, we would get m2
K1
' m2

π̃ and m2
K2
' m2

π̃ − 2δ, for which the mass
splitting is given dominantly by the Z ′ corrections as m2

K1
−m2

K2
' 2δ. However, we can

maintain m
K̃0 −mK̃±

' ∆m for δ . mπ̃∆m, that is, if the following condition is satisfied,

mZ′ & 0.6µ
( gZ′

0.01
)( 0.2

mπ̃/fπ

)(
mπ̃/100 MeV
∆m/4 keV

)1/2
. (3.40)

Here, the dark QCD condensation scale µ is constrained by dark meson mass mπ̃ and dark
quark mass m1 to be µ = m2

π̃/(2m1).
Similarly, the Z ′ gauge interactions also make the masses for pion-like dark mesons

split, whose mass matrix is, in the basis of (π̃0, π̃1 = 1√
2(π̃− + π̃+), π̃2 = 1√

2i(π̃
− − π̃+)),

given by

m2
π̃0 = m2

π̃

(
1− 2∆m√

3mπ̃

)
− 2δ, (3.41)

m2
π̃1 = m2

π̃, (3.42)

m2
π̃2 = m2

π̃ − 2δ. (3.43)
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Thus, from eq. (3.37), the exothermic process between π̃0 and π̃2 through Z ′ is subject to
the Z ′ mass correction. But, as far as the Z ′ gauge corrections are bounded similarly as
for kaon-like dark mesons, the inelastic scattering between pion-like mesons and electron
through Z ′ can be still responsible for the XENON1T electron excess.

Consequently, from the results in eqs. (3.39) and (3.41)–(3.43) that the simultaneous
presence of the mixing between dark quarks and the Z corrections lead to the modified
Dashen’s relation for dark meson masses,

m2
K1 −m

2
K2 =

√
(m2

π̃1 −m2
π̃2)2 + 3(m2

π̃2 −m2
π̃0)2 (3.44)

with m2
π̃1 − m2

π̃2 = 2δ and m2
π̃2 − m2

π̃0 = 2√
3 mπ̃∆m. In general, the kaon-like dark

mesons have the largest mass splitting. For ∆m = 0, we recover the Dashen’s relation,
m2
K1
−m2

K2
= m2

π̃1 −m2
π̃2 . For δ = 0, we recover the previous result in eq. (3.36).

For the later discussion, we focus on the case with δ � mπ̃∆m, thus we make use of
the mass formulas in eqs. (3.31)–(3.35) and the Z ′ interactions in eq. (3.37).

4 General discussion on split dark mesons

In this section, we provide a general discussion on the phenomenology of split dark mesons
that are applicable in a more general framework. Dark mesons with split masses can
give rise to exothermic processes for explaining the XENON1T electron recoil excess with
more than one peaks. Boltzmann equations for determining the relic density and kinetic
decoupling conditions are presented. The crucial issues on late decoupling and lifetime of
heavier dark mesons are also discussed.

4.1 Dark mesons and XENON1T electron recoil

As discussed in the previous section, in the presence of flavor violation in the dark sector,
dark mesons get split masses and their mixings give rise to Z ′ gauge interactions changing
between dark mesons. As far as mπ̃ & 10 MeV, we can ignore the velocity of the bound
electrons in Xenon atoms [6], so we assume that this is the case in our discussion.

Ignoring the Z ′ gauge corrections to the mass splittings for dark mesons, we have
mπ̃i
− mπ̃j

' ∆mij > 0 due to the meson mixings. Then, it is possible to realize the
exothermic scattering process, π̃ie→ π̃je [6]. Taking ∆mij � me � mπ̃ and

κij ≡
2∆mij

mev2 � 1, (4.1)

we use the approximate formulas for the electron recoil energy and the momentum transfer
for π̃ie→ π̃je [6], as follows,

ER ' ∆mij

(
1− 2
√
κij

cos θ
)
, (4.2)

q2 ' 2me∆mij

(
1− 2
√
κij

cos θ
)

(4.3)

where θ is the scattering angle between dark meson and electron in the center of mass frame.
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Then, we get the total event rate per Xenon detector for dark mesons [6] as

RD ' 50
(

MT

tonne− yrs

)(
σ̄e/mπ̃

1.2× 10−43 cm2/GeV

)

×
∑
i

(
ri ρπ̃i Kint(∆mij

)
2.6 · (0.4 GeV cm−3)

)( ∆mij

2.5 keV

)1/2
(4.4)

where mπ̃ = 2µm1 is the common dark meson mass in the limit of the unbroken flavor
symmetry. Here, for me,mπ̃,mZ′ � q '

√
2me∆m, the scattering cross section between

the dark meson and electron is normalized to the elastic scattering cross section with
∆mij = 0, as follows,

σ̄e '
ε2e2g2

Z′µ
2
eπ

πm4
Z′

, (4.5)

with µeπ = memπ̃/(me + mπ̃) being the reduced mass for dark meson-electron system,
ri denotes the inelastic scattering cross section for π̃i in units of σ̄e, MT is the fiducial
mass of the detector, given by MT ' 4.2 × 1027(MT /tonne)mT for Xenon, Kint(ER) is
the integrated atomic excitation factor normalized to ER = 2.5 keV, and ρπ̃i are the local
energy densities of dark mesons.

We note that the integrated atomic excitation factor introduced in eqs. (4.4) or (5.1)
is given by

Kint(ER, q) =
∫ q+

q−
a2

0 q dq K(ER, q) (4.6)

where q± are the maximum and minimum values of the momentum transfer, a0 is the Bohr
radius,

K(ER, q) = α2me(me +mχ1)2

4ERm2
χ1

∑
n,l

|f ion
nl (pe, q)|2 (4.7)

with pe =
√

2meER being the outgoing momentum of electron and α being the fine structure
constant, and f ion

nl (pe, q) is the non-relativistic ionization form factor.
The ionization form factor f ion

nl (pe, q) is derived from the bound state out-going wave-
functions, obtained for the Schrödinger equation with a central potential, as follows,∣∣∣f ion

nl (pe, q)
∣∣∣2 ≡ 2p3

e

(2π)3

∑
deg
|fnl(q)|2 (4.8)

where fnl(q) is just the function of radial wave-functions, χnl(k), given by

∑
deg
|fnl(q)|2 = (2l + 1)

∫ |pe+q|
|pe−q|

kdk

k2q
|χnl(k)|2 . (4.9)

Here, the radial wave-functions, χnl(k), are expressed in terms of hypergeometric function,

χnl(p) =
∑
k

Cnlk 2nlk−l
(2πa0
Zlk

)3/2 ( ip a0
Zlk

)l Γ (nlk + l + 2)
Γ
(
l + 3

2

)√
(2nlk)!

× 2F1

[
1
2 (nlk + l + 2) , 1

2 (nlk + l + 3) , l + 3
2 ,−

(
p a0
Zlk

)2
]
. (4.10)
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Figure 1. Ionization form factor as a function of momentum transfer q in keV for 5p, 4p, 3p shells
in blue, red and green lines. Our results are shown in solid lines, in comparison to those in dashed
lines in ref. [8]. We set ER = 1.5 keV for comparison.

We should mention that the derived form factor cannot reproduce the atomic response
correctly in the regime with low momentum transfer where the dipole approximation holds.
So, we set the reference momentum q0 to 20 keV as compared to ref. [24], thus the form
factor is modified to ∣∣∣fnlion (pe, q)

∣∣∣2 = q2

q2
0
×
∣∣∣f ion
nl (pe, q0)

∣∣∣2 (4.11)

In figure 2, we present the ionization form factor |f ion
nl (pe, q)|2 as a function of momen-

tum transfer q in keV units for outer shells (5p, 4p, 3p) in Xenon atom in blue, red and
green lines, respectively. We have fixed ER = 1.5 keV to compare with the results in the
literature shown in dashed lines in the same plot [8]. Our results for the ionization form
factor are shown in solid lines in agreement with those in ref. [8] in dashed lines.

4.2 Boltzmann equations for dark mesons

Assuming that the dark matter decoupling takes place at Tπ > ∆m where Tπ is the freeze-
out temperature of dark mesons, we can take the equal abundances for all the dark mesons
by nπ̃0 = nπ̃± = · · · = nη̃ ≡ nπ̃/Nπ.

First, for mZ′ ,mh′ < mπ̃, π̃π̃ → π̃Z ′, π̃π̃ → Z ′Z ′ and π̃π̃ → h′Z ′ are kinematically
open towards zero temperature, so the 2→ 2 annihilation contributions in the dark sector
in the above Boltzmann equation become

ṅπ̃ + 3Hnπ̃ = −〈σv2〉3→2(n3
π̃ − n2

π̃n
eq
π̃ )− 〈σv〉2→2(n2

π̃ − (neq
π̃ )2) (4.12)

with

〈σv〉2→2 = 〈σv〉π̃π̃→e+e−+〈σv〉π̃π̃→π̃Z′+〈σv〉π̃π̃→Z′Z′+〈σv〉π̃π̃→h′Z′+〈σv〉π̃π̃→h′h′ . (4.13)
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Second, for mZ′ ,mh′ > mπ̃, the Boltzmann equation governing the relic density for
dark matter is given by

ṅπ̃+3Hnπ̃ =−〈σv2〉3→2(n3
π̃−n2

π̃n
eq
π̃ )−〈σv〉π̃π̃→e+e−(n2

π̃−(neq
π̃ )2)

+〈σv〉π̃Z′→π̃π̃

(
nπ̃n

eq
Z′−

neq
Z′

neq
π̃

n2
π̃

)
+〈σv〉Z′Z′→π̃π̃

(
(neq
Z′)

2−
(neq
Z′)2

(neq
π̃ )2 n

2
π̃

)
(4.14)

+〈σv〉h′Z′→π̃π̃

(
neq
h′n

eq
Z′−

neq
h′n

eq
Z′

(neq
π̃ )2 n

2
π̃

)
+〈σv〉h′h′→π̃π̃

(
(neq
h′ )

2−
(neq
h′ )2

(neq
π̃ )2n

2
π̃

)
.

Here, the forbidden channels such as π̃π̃ → π̃Z ′, π̃π̃ → Z ′Z ′, π̃π̃ → h′Z ′ and π̃π̃ → h′h′

are included in terms of the annihilation cross sections for the inverse processes.
We note that the 3→ 2 processes and the 2→ 2 semi-annihilation channels are possible

only for Nf ≥ 3. We will also discuss later the impact of the dark matter self-annihilation
on the dark matter freeze-out.

4.3 Kinetic equilibrium for dark mesons

For dark matter freeze-out, we assumed that dark matter is in kinetic equilibrium with
the SM plasma. Otherwise, the dark matter temperature could differ from the radiation
temperature, requiring solving the distribution of dark matter occupancy independently.
Moreover, if dark matter annihilation is dominated by 3→ 2 processes, dark matter keeps
getting hot until the low temperature, so it is problematic for the structure formation.

The time evolution of the kinetic energy for dark mesons with 3 → 2 annihilation
processes [25, 26] is dictated by

K̇ + 2HK = −m2
π̃
HT−1 + Tγπ(T ) (4.15)

where γπ(T ) is the momentum relaxation rate for dark mesons.
From dark meson-electron elastic scattering, π̃ie → π̃ie, we obtain the momentum

relaxation rate as
γπ̃ = 40ζ(7)

π3
q2
π̃i
ε2e2g2

Z′

mπ̃m
4
Z′

T 6 (4.16)

with qπ̃i being the dark charge of the dark meson. Then, the kinetic equilibrium is achieved
for γπ(T ) > H for 2→ 2 dominance and γπ(T ) > H(mπ̃/T )2 for 3→ 2 dominance. Solely
from π̃ie→ π̃ie, we can determine the kinetic decoupling temperature as follows:

Tkd = 3 MeV
(

g∗
10.75

)1/12(10−4

ε

)1/2( 0.6
qπ̃igZ′

)1/2( mπ̃

100 MeV

)1/4( mZ′

1 GeV

)
(4.17)

for 2→ 2 dominance, and

Tkd = 10 MeV
(

g∗
10.75

)1/8(10−4

ε

)1/3( 0.6
qπ̃igZ′

)1/3( mπ̃

100 MeV

)1/2( mZ′

1 GeV

)2/3
(4.18)

for 3→ 2 dominance. But, the kinetic decoupling temperature can be as low as the electron
decoupling temperature, due to the decays of Z ′ or h′ into the SM particles.
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On the other hand, the scattering between dark mesons and Z ′/h′, such as π̃iZ ′ → π̃iZ
′

or π̃ih′(Z ′) → π̃iZ
′(h′) for mh′ ≥ mZ′(mh′ ≤ mZ′), when accompanied by the decay of

Z ′/h′ into the SM particles, is important for the kinetic equilibrium, as far as Z ′ and/or h′

are in thermal equilibrium with the SM and they have masses comparable or smaller than
dark meson masses. Since the momentum relaxation through the dark scattering with a
sizable gZ′ is very efficient for mZ′ ,m

′
h ∼ mπ̃ [25, 26], the kinetic decoupling temperature

is determined by the decay rates of Z ′ or h′, as follows,

neq
Z′ΓZ′→SM = H ·

(
neq
π̃ + neq

Z′

)
(4.19)

for π̃iZ ′ → π̃iZ
′;

neq
Z′(h′)ΓZ′(h′)→SM = H ·

(
neq
π̃ + neq

h′(Z′)

)
(4.20)

for π̃ih′(Z ′)→ π̃iZ
′(h′). Here, the partial decay rates of Z ′ and h′ into an electron-positron

pair are given by

Γ(Z ′ → e+e−) = ε2e2

12πmZ′
(m2

Z′ + 2m2
e)
(

1− 4m2
e

m2
Z′

)1/2

, (4.21)

Γ(h′ → e+e−) = m2
emh′ sin2 θ

8πv2

(
1− 4m2

e

m2
h′

)3/2

(4.22)

where θ is the mixing angle between the SM and dark Higgs bosons. We note that if
π̃ih
′ → π̃ih

′ is sizable, it can be also relevant for kinetic equilibrium, but in our model with
vector-like quark masses, such channels are suppressed by small mixing Yukawa couplings.

For mZ′ ,mh′ < mπ̃, the Z ′, h′ decays in the SM particles are efficient enough such
that the kinetic decoupling of dark mesons occurs due to the electron decoupling. Even
for mZ′ ,mh′ > mπ̃, as far as mZ′ ,mh′ are comparable to mπ̃, the Z ′, h′ decays into the
SM particles are efficient enough and the same is true, even with a Boltzmann suppression
factor for heavy Z ′ or h′ [25, 26]. Therefore, the kinetic decoupling temperature for dark
matter in our model is set by the electron decoupling temperature, Te = 2me. Then, after
the kinetic decoupling of dark matter, the dark matter temperature scales by Tχ = T 2

Tkd
with T being the radiation temperature and Tkd = Te.

However, we also remark that the kinetic decoupling temperature for dark mesons could
be lower than the electron decoupling temperature, if we consider a minimal extension with
extra dark particles lighter than Te such that dark mesons scatters with those particles
through Z ′. In this case, extra light particles can serve as dark radiation to resolve small-
scale problems as well as the H0 tension [27, 28]. But, we don’t pursue those possibilities
further in this work and just show the results for both cases with Tkd = Te and Tkd < Te.

4.4 Late chemical decoupling of dark mesons

We comment on extra processes for changing the dark matter number such as dark matter
decays and annihilations due to mass splittings for dark mesons.

First, the heavier dark mesons are sufficiently long-lived due to small mass splittings of
order a few keV, so the meson decay processes do not determine the dark matter abundance.
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Secondly, quartic self-interactions for dark mesons in the dark chiral perturbation the-
ory lead to the annihilations of heavier dark mesons πh to lighter ones πl. Those processes
are in equilibrium with the inverse processes until a very low temperature, Tπ ∼ ∆m.
Thus, as far as the additional 2 → 2 annihilation rates are smaller than the Hubble rate
at Tπ ∼ ∆m, quartic self-interactions for dark mesons are not relevant for determining the
dark matter number density. In order for the heavier mesons to be as abundant as the
lighter mesons, the 2 → 2 annihilation of dark mesons must be decoupled at Tπ & ∆m,
that is, the radiation temperature at the time of the freeze-out must be Tf &

√
Tkd∆m [6].

Otherwise, the number densities for the heavier components would be Boltzmann sup-
pressed as nπh = e−∆m/Tπ nπl . For kinetic decoupling temperature Tkd ∼ 1 MeV(1 keV)
and ∆m = 2.5 keV, we need Tf & 50(1.6) keV.

We impose the chemical decoupling condition for the 2→ 2 annihilation, as follows,

nπh〈σv〉πhπh→πlπl = H at T = Tf >
√
Tkd∆m (4.23)

where H = 0.33 g1/2
∗ T 2/MP and the annihilation cross sections for πhπh → πlπl is parame-

trized by

〈σv〉πhπh→πlπl = α2
eff
m2
π̃

√
∆m
mπ̃

(4.24)

with αeff being the effective coupling for the annihilation cross section. Since the number
density of the heavier dark meson at freeze-out is given by

nπh(Tf) = nπh(T0) ·
(
g∗s(Tf)T 3

f
g∗s(T0)T 3

0

)

= Ωπh

mπ̃
· ρc(T0) ·

(
g∗s(Tf)T 3

f
g∗s(T0)T 3

0

)
(4.25)

where Ωπh is the density fraction of the heavier component at present and
ρc(T0) = 8.1× 10−47 h2 GeV4 is the critical density at present. Consequently, the decou-
pling condition in eq. (4.23) determines the radiation temperature at the time of freeze-out
to be

Tf =
(0.24 GeV−2

α2
eff/m

2
π̃

)(0.12/8
Ωπhh

2

)(
g∗(Tf)
3.36

)1/2( 3.91
g∗s(Tf)

)(
mπ̃/∆m
2× 105

)3/2
∆m, (4.26)

resulting with Tf >
√
Tkd∆m in the following upper bound on the effective coupling,

α2
eff
m2
π̃

. 0.24 GeV−2
(0.12/8

Ωπhh
2

)(
g∗(Tf)
3.36

)1/2( 3.91
g∗s(Tf)

)(
mπ̃/∆m
2× 105

)3/2(∆m
Tkd

)1/2
. (4.27)

If the above bound is not satisfied, the relic densities of heavier dark mesons would get
suppressed by Ωπh = e−∆mTkd/T

2
f Ωπl , as compared to those for lighter dark mesons.

– 15 –



J
H
E
P
0
4
(
2
0
2
1
)
2
5
1

0. 5. 10. 15. 20. 25. 30.
0.

20.

40.

60.

80.

100.

120.

ER[keV]

dR
/d
E
R

Figure 2. Event rate for electron recoil as a function of recoil energy ER in keV. Blue line indicates
the signal events from exothermic processes of dark mesons and green line shows the combined signal
and background events. The red line is the background model used by Xenon experiment [1]. We
have taken ∆m = 4.0 keV and σ̄e/mχ1 = 1.2× 10−43 cm2/GeV.

4.5 Lifetime of heavy dark mesons

The Z ′ portal interactions allow the heavier meson to decay into the lighter one plus a
neutrino pair, with the decay rate [6],

Γ(π̃i → π̃jνν̄) '
Nνq

2
π̃i
e2ε2g2

Z′(∆mij)5

1920π3c4
Wm

4
Z

' (2.7× 1026 sec)−1Nν

(
ε

10−4

)2(qπ̃igZ′
0.2

)2(∆mij

3 keV

)5
(4.28)

with qπ̃i being the dark charge of the dark meson. On the other hand, there is no decay
mode with two photons, π̃i → π̃jγγ, etc, due to the absence of the effective coupling
for Z ′ − γ − γ [6]. The three-photon decay channels can be open at loops, but they
are sufficiently suppressed to be consistent with the X-ray bounds. Therefore, all the dark
mesons can be sufficiently long-lived to make up for dark matter in the Universe at present,
as far as the late decoupling condition is satisfied as discussed in eq. (4.27).

5 Benchmark models for XENON1T excess and constraints

We make a concrete discussion on the exothermic processes for explaining the XENON1T
excess in models for dark mesons with Nf = 3. We apply various constraints on the model
discussed in the previous section and impose experimental bounds on the parameter space
that is compatible the XENON1T excess.

5.1 Exothermic process for XENON1T

For Nf = 3, assuming that the Z ′ corrections to dark meson masses are ig-
nored, we have shown in the previous section that there is a mass hiearchy,
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Figure 3. The minimum χ2 fit to XENON1T data in the parameter space for ∆m (in keV) vs
σ̄e/mπ̃ (in cm2/GeV), for the case with one peak on left and the case with two peaks on right. Blue,
green and purple lines indicate 1σ, 2σ and 3σ contours from the minimum χ2, respectively. The best-
fit points with local minimum χ2 is shown in red. Dark meson masses are fixed to mπ̃ = 500 MeV,
but the results are insensitive to other values as far as mπ̃ > 10 MeV.

mη̃0 > m
K̃0 > mπ̃± > m

K̃±
> mπ̃0 , there are multiple exothermic scattering processes be-

tween dark mesons and electron: K̃0e → K̃+e, K̃0e → K̃−e, and π̃±e → π̃0e. Then, for
instance, taking ∆m/

√
3 = 2.5 keV from π̃±e → π̃0e, we have a monochromatic electron

recoil energy at ER ' ∆m/
√

3 = 2.5 keV and there appears another peak at ∆m = 4.3 keV
from K̃0e → K̃+e. As a result, we get the total event rate per Xenon detector for dark
mesons as

RD ' 50
(

MT

tonne− yrs

)2Kint(∆m) · ρ
K̃0 + 4

31/4 Kint
( 1√

3∆m
)
· ρπ̃+

2.6 · (0.4 GeV cm−3)


×
(

σ̄e/mπ

1.2× 10−43 cm2/GeV

)( ∆m
2.5 keV

)1/2
(5.1)

For Kint(∆m) ' Kint
( 1√

3∆m
)
, the event rate at ER ' ∆m/

√
3 due to π̃±e→ π̃0e is about

twice the even rate at ER ' ∆m due to K̃0e→ K̃+e.
In figure 2, we show the event rate for electron recoil as a function of recoil energy ER

in keV on the right of figure 2. The background model taken by Xenon experiment [1] is
shown in red dashed line, and the portion in blue is the signal from exothermic dark mesons
in our model, and finally the dashed green line is the sum of the background and signal
events, in comparison to the XENON events with black bars. We set ∆m/

√
3 = 2.3 keV (so

∆m = 4.0 keV) and σ̄e/mχ1 = 1.2×10−43 cm2/GeV, so there are two monochromatic peaks
at ER = 2.3 keV and 4.0 keV in the electron recoil energy spectrum. Although the two peaks
are smeared out after being convoluted with the detector resolution [1, 6], the difference
between them is resolvable with the detector resolution and it could be distinguishable
from the case with a single peak.

In figure 3, we also depict the minimum χ2 fit of the parameter space in ∆m in keV vs
σ̄e/mπ̃ in cm2/GeV to electron recoil energy in XENON1T. The plot on right in figure 3 is
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the fit result with two monochromatic peaks from exothermic dark matter in electron recoil
energy in our work, and the plot on left in figure 3 is also shown for comparison to the
case with one monochromatic peak from exothermic dark matter, as discussed in ref. [6].
We fixed common dark meson masses to mπ̃ = 500 MeV, but the results are insensitive to
other values of dark meson masses as far as mπ̃ > 10 MeV.

The global best fit values for the two-peak case are

[∆m = 3.9 keV, σ̄e/mπ̃ = 2× 10−43 cm2/GeV], (5.2)

with χ2
min = 1.48, and there is another local best-fit point for [∆m = 4.9 keV, σ̄e/mπ̃ =

2× 10−43 cm2/GeV], with χ2
min = 3.64. In comparison, the best fit values for the one-peak

case are [∆m = 2.9 keV, σ̄e/mπ̃ = 1.3× 10−43 cm2/GeV], with χ2
min = 2.43. Therefore, the

two-peak case in our work shows a slightly better fit to XENON1T data as compared to
the one-peak case.

5.2 Dark matter annihilations

The 3 → 2 annihilation with WZW terms can be important for the freeze-out process for
dark mesons with degenerate masses in the strongly coupled regime [14, 17, 18]. In this
case, the typical dark meson masses with a correct relic density are about 100 MeV. The
corresponding annihilation cross section for 3→ 2 processes is given by

〈σv2〉3→2 = 5
√

5N2
cm

5
π

2048π5f10
π

t2

N3
π

x−2 (5.3)

where x ≡ mπ̃/T , Nπ is the number of dark mesons and t2 is the group theory factor,
given by t2 = 4

3Nf (N2
f − 1)(N2

f − 4) for SU(Nf ) flavor symmetry [17]. In our case, we took
Nπ = 8 and Nf = 3, for which t2 = 160.

Moreover, dark mesons charged under Z ′ can annihilate into a pair of light charged
particles in the SM through Z ′ mediator, that is, by K̃+K̃− → e+e−, K̃+K̃0 → e+e−,
K̃0K̃0 → e+e−, K̃−K̃0 → e+e−, and π̃0π̃± → e+e−, thus, if the corresponding 2→ 2 anni-
hilation cross section is sizable, the standard freeze-out is achieved at a higher temperature.
In this case, the 2→ 2 annihilation cross sections are given by

〈σv〉
K̃+K̃−→e+e−

= 〈σv〉
K̃+K̃0→e+e−

= 〈σv〉
K̃0K̃0→e+e−

= 〈σv〉
K̃−K̃0→e+e−

= 1
2〈σv〉π̃0π̃±→e+e−

= ε2e2g2
Z′

π

m2
π̃

+ 1
2m

2
e(

4m2
π̃
−m2

Z′

)2
+ Γ2

Z′m
2
Z′

√√√√1− m2
e

m2
π̃

x−1 . (5.4)

Then, the effective 2→ 2 annihilation cross section into the visible sector is given by

〈σv〉π̃π̃→e+e− = 16
N2
π

〈σv〉
K̃+K̃−→e+e−

. (5.5)
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If mZ′ ,mh′ < mπ̃, there are additional 2 → 2 annihilation channels, π̃iπ̃j → π̃jZ ′,
π̃iπ̃j → Z ′Z ′ as well as π̃iπ̃j → h′Z ′. In this case, the corresponding 2 → 2 annihilation
cross sections are given by

〈σv〉π̃π̃→π̃Z′ = g2
Z′N

2
c

576π5m2
πN

2
π

(
mπ

fπ

)6(
1− m2

Z′

m2
π

)3/2(
9− m2

Z′

m2
π

)3/2
x−1, (5.6)

〈σv〉π̃π̃→Z′Z′ = 4g4
Z′m

2
π

π(2m2
π −m2

Z′)2N2
π

(
8− 8m

′2
Z

m2
π

+ 3m
4
Z′

m4
π

)√
1−

m2
Z′

m2
π

, (5.7)

〈σv〉π̃π̃→h′Z′ = g4
Z′m

2
π

π(4m2
π −m2

Z′)2N2
π

(
16− 8m

2
h′

m2
π

+ 40m
2
Z′

m2
π

+ m4
h′

m4
π

− 2m
2
h′m

2
Z′

m4
π

+ m4
Z′

m4
π

)

×
(

1− (mh′ −mZ′)2

4m2
π

)1/2(
1− (mh′ +mZ′)2

4m2
π

)1/2
x−1. (5.8)

On the other hand, the π̃π̃ → h′h′ channels are suppressed, because dark quarks are
vector-like so there is no diagonal Yukawa coupling of dark quarks to the dark Higgs.

Next, for mZ′ & mπ̃, the additional 2 → 2 annihilation channels are Boltzmann-
suppressed, but they can be relevant for light dark matter if the Z ′ mass is close to dark
meson masses. For mZ′ � mπ̃, the forbidden 2 → 2 annihilation cross sections can be
sufficiently suppressed. The effective annihilation cross sections for the forbidden channels
are given by

〈σv〉π̃π̃→π̃Z′ =
(
neq
Z′

neq
π̃

)
〈σv〉π̃Z′→π̃π̃, (5.9)

〈σv〉π̃π̃→Z′Z′ =
(
neq
Z′

neq
π̃

)2
〈σv〉Z′Z′→π̃π̃, (5.10)

〈σv〉π̃π̃→h′Z′ =
(
neq
Z′n

eq
h′

(neq
π̃ )2

)
〈σv〉h′Z′→π̃π̃ (5.11)

with

〈σv〉π̃Z′→π̃π̃ =
g2
Z′N

2
cmπ̃m

4
Z′

108π5Nπf6
π(mπ̃ +mZ′)

(
1−

mπ̃

mZ′

)3/2(
1 + 3

mπ̃

mZ′

)3/2
x−1, (5.12)

〈σv〉Z′Z′→π̃π̃ = 4g4
Z′

9πm2
Z′

(
11− 24 m

2
π

m2
Z′

+ 16 m
4
π

m4
Z′

)√
1− m2

π

m2
Z′
, (5.13)

〈σv〉h′Z′→π̃π̃ = 8g4
Z′mZ′

3m3
h′π

(
mh′ +mZ′

mh′ + 2mZ′

)2 (
1− 4m2

π

(mh′ +mZ′)2

)3/2
. (5.14)

We note that the π̃π̃ → h′h′ forbidden channels are further suppressed due to small mixing
Yukawa couplings between dark quarks and dark Higgs in our model, but they are omitted.

5.3 Dark meson self-annihilations

First, we note that for Nf = 3, dark mesons can be in kinetic equilibrium through
K̃0e→ K̃0e, K̃0e→ K̃+e, and π̃±e→ π̃0e, each of which has the same momentum relax-
ation rate given by eq. (4.16) with qπ̃i = 2. In this case, the kinetic decoupling temperature
for dark mesons would be about Tkd ∼ 3 MeV, as discussed in section 4.3.
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As we discussed in section 4.3, however, since the scattering between dark mesons and
Z ′ (or h′) with comparable masses to dark mesons is efficient, the small decay fractions
of Z ′ or h′ into the SM particles are sufficient to maintain the kinetic equilibrium until
the kinetic decoupling temperature of electron, which is Tkd = 1 MeV. Furthermore, the
scattering between dark mesons and extra light fermions in the dark sector [27, 28] could
delay the kinetic decoupling to as low as Tkd = 1 keV without changing the dark matter
freeze-out, so we keep the kinetic decoupling temperature to be a variable parameter in
our model.

There are 2 → 2 self-annihilations of dark mesons such as K̃0K̃0 → K̃+K̃−,
π̃±π̃∓ → π̃0π̃0, etc. The relevant self-interactions for the 2 → 2 annihilation of heavier
dark mesons are

L4π̃ ⊃
1

3f2
π

[
π̃0π̃+(∂µπ̃0∂µπ̃−) + π̃0π̃−(∂µπ̃0∂µπ̃+)− π̃+π̃−(∂µπ̃0)2 − π̃0π̃0(∂µπ̃+∂µπ̃−)

− 1
2K̃

+K̃−(∂µK̃0∂µK̃0)− 1
2K̃

0K̃0(∂µK̃+∂µK̃−)− 1
2K̃

0K̃+(∂µK̃0∂µK̃−)

− 1
2K̃

0K̃−(∂µK̃0∂µK̃+) + K̃0K̃+(∂µK̃0∂µK̃−) + K̃0K̃−(∂µK̃0∂µK̃+)
]
. (5.15)

Then, the effective couplings for the annihilation cross sections for πhπh → πlπl in the
parameterization in eq. (4.24) are given by

α2
eff =


m4
π̃

288
√

2×31/4πf4
π

(
7 + 48f

2
πg

2
Z′

m2
Z′

)2
, π̃±π̃∓ → π̃0π̃0,

m4
π̃

144
√

2πf4
π

(
1 + 12f

2
πg

2
Z′

m2
Z′

)2
, K̃0K̃0 → K̃+K̃−.

(5.16)

For g∗s(Tf ) = 3.91 and g∗(Tf ) = 3.36, from eq. (4.27), we find the late decoupling conditions
on the self-interactions of dark mesons, as follows,

mπ̃

fπ

(
1+ 48

7
f2
πg

2
Z′

m2
Z′

)1/2
. 0.12

( mπ̃

100MeV
)1/2(0.12/8

Ωhh2

)1/4(mπ̃/∆m
2.5×104

)3/8(∆m/4keV
Tkd/1MeV

)1/8

(5.17)
for π̃±π̃∓ → π̃0π̃0, and

mπ̃

fπ

(
1+12f

2
πg

2
Z′

m2
Z′

)1/2
. 0.26

( mπ̃

100MeV
)1/2(0.12/8

Ωhh2

)1/4(mπ̃/∆m
2.5×104

)3/8(∆m/4keV
Tkd/1MeV

)1/8

(5.18)
for K̃0K̃0 → K̃+K̃−. Therefore, the chiral perturbation theory for dark mesons is in the
weakly coupled regime with mπ̃/fπ . 1 to be compatible with the XENON1T excess, so
the 3 → 2 annihilation processes are subdominant for determining the relic density for
dark mesons.

We remark that the self-interactions of dark mesons can be as large as the perturbativ-
ity bound, mπ̃/fπ = 2π, being consistent with the late decoupling, for mπ̃ = 100 MeV and
Tkd = 1 MeV, provided that ∆m . 0.3 − 0.5 keV. Then, the 3 → 2 annihilation processes
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Figure 4. Parameter space for explaining the XENON1T electron excess: ε vs mZ′ (left in top),
gZ′ vs mπ̃ (right in top) and gZ′ vs mπ̃ (bottom). The XENON1T electron excess can be explained
along black line and the correct relic density is saturated along red line. The relic densities for
heavier dark mesons are exponentially suppressed in gray region (line) due to late decoupling
for Tkd < 1 keV (Tkd = 1 MeV), and the blue region is disfavored due to large Z ′ corrections to
the mass splitting. The brown (purple) region is excluded by BaBar visible (invisible) searches,
whereas yellow, pink, gray, green dashed and orange dashed lines are ruled out by NA64, Orsay,
E137, SHiP (projected) and Belle-2 (projected), respectively. We have taken ∆m = 4 keV and
σ̄e/mχ1 = 1.2× 10−43 cm2/GeV.

can be dominant for the relic density of dark mesons [14, 17, 18]. But, in this case, we
could not explain the Xenon excess.

In figure 4, we depict various constraints on the model in the parameter space for
ε vs mZ′ (left in top), gZ′ vs mπ̃ (right in top) and mπ̃ vs gZ′ (bottom). First, the
XENON1T electron excess [1] can be explained along the red line for ∆m/

√
3 = 2.3 keV

(then, ∆m = 4.0 keV) and σ̄e/mχ1 = 1.2×10−43 cm2/GeV, whereas the correct relic density
is saturated along the red line. The late decoupling condition for Tkd < 1 keV rules out the
gray region, because the relic densities of heavier dark mesons are exponentially suppressed.
We also show the stronger bound from the late decoupling condition for Tkd = 1 MeV
in gray line. The blue region is disfavored because of large Z ′ corrections to the mass
splitting between dark mesons. We note that the relic density can be saturated being
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consistent with XENON1T excess and other experimental bounds, near the resonance with
mZ′ = mh′ = 2mπ̃ or when the forbidden channels are relevant near mZ′ & mπ̃. These are
clearly shown in sharp features of the relic density lines in figure 4.

As shown in figure 4, BaBar visible [29] and invisible [30] searches exclude the re-
gion in brown and purple regions, and NA64 [31], E137 [32], Orsay [33] beam dump ex-
periments also constrain the parameter space more strongly and complementarily below
about mZ′ = 200 MeV. We note that the bounds from NA64 are stronger than those from
E141 [34] and E774 [35], which are not shown in figure 4. Projected bounds from Belle-2 [36]
and SHiP [37] are also shown in dashed orange line and green lines, respectively.

5.4 Dark meson self-scattering

All the dark mesons can survive until present for their long lifetime with small mass split-
tings. Then, the heavier dark mesons can self-scatter into the lighter states, but the
inverse processes are forbidden for dark matter at galaxies at present, because of the
small kinetic energy of dark mesons, EDM = 1

2mDMv
2 ∼ 0.1 keV, for v ∼ 10−3 and

mDM ∼ 100 MeV. Thus, taking into account the mass hierarchy between dark mesons,
mη̃0 > m

K̃0 > mπ̃± > m
K̃±

> mπ̃0 as in the previous section, the number of kinematically
allowed self-scattering processes at galaxies is reduced: π̃iπ̃i → π̃j π̃j with i < j where i, j
run for η̃0, K̃0, π̃±, K̃±, π̃0, and π̃iπ̃j → π̃iπ̃j with i, j over all dark mesons, etc.

As a result, the effective self-scattering cross section for dark mesons with split masses
at galaxies is given by

σself =
m2
π̃

8192π

(93
f4
π

+ 416g2
Z′

f2
πm

2
Z′

+ 4032g4
Z′

m4
Z′

)
(5.19)

In our model, due to the strong limit on the dark matter self-annihilation from late decou-
pling, given in eqs. (5.17) and (5.18), the expansion parameter for dark chiral perturbation
theory should be mπ̃/fπ . 1, so the self-interactions for dark mesons give a small contri-
bution to the self-scattering cross section. For instance, for mπ̃/fπ ∼ 0.1,mπ̃ ∼ 130 MeV,
gZ′ ∼ 0.01 and mZ′ = 100 MeV, which gives rise to a correct relic density being consis-
tent with other constraints, the self-scattering cross section per unit dark matter is about
σself/mπ̃∼4×10−8 cm2/g, which is too small to give an observable signature at the moment.

5.5 Lifetime of dark mesons

For Nf = 3, we have the mass hierarchy, mη̃0 > m
K̃0 > mπ̃± > m

K̃±
> mπ̃0 . Then, the

available decay rates for the heavier dark mesons are

Γ(K̃0 → K̃+νν̄) ' Γ(K̃0 → K̃−νν̄) ' Nνe
2ε2g2

Z′(∆m)5

480π3c4
Wm

4
Z

= (9.1× 1025 sec)−1
(

ε

10−4

)2(gZ′
0.1

)2( ∆m
4 keV

)5
, (5.20)

Γ(π̃± → π̃0νν̄) ' Nνe
2ε2g2

Z′(∆m)5

2160
√

3π3c4
Wm

4
Z

' (7.1× 1026 sec)−1
(

ε

10−4

)2(gZ′
0.1

)2( ∆m
4 keV

)5
. (5.21)
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Therefore, the heavier mesons are long lived in the parameter space for explaining the
Xenon excess and survive until the current Universe. On the other hand, the lighter dark
mesons are absolutely stable.

6 Conclusions

We presented the possibility that the electron excess reported by XENON1T can be ex-
plained by the exothermic scattering between dark mesons with split masses and electron.
The flavor-dependent U(1)′ interactions for dark quarks are introduced to communicate
between dark mesons and the SM through Z ′ portal, and small mass splittings for dark
mesons are generated due to mixing Yukawa couplings for dark Higgs after the U(1)′ is
broken spontaneously. A small U(1)′ gauge coupling and a relatively heavy Z ′ mass ensure
the radiative stability of the mass splitting between dark mesons, in turn, the longevity of
dark mesons. We have made the general discussion on split dark mesons and important
model-independent constraints in light of the XENON1T excess.

Focusing on the case with three light dark quarks respecting the approximate flavor
symmetry, we showed that there are two resolvable monochromatic peaks in the electron
recoil spectrum, as a result of the inelastic scattering between dark mesons and electron
inside Xenon atom, and our results indicate a better fit to XENON1T data as compared to
the case with one monochromatic peak. We found that there exists a viable parameter space
for explaining the XENON1T excess and satisfying various conditions from the radiative
stability of the mass splitting for dark mesons, the late chemical decoupling, the correct
relic density, as well as various experimental bounds from light Z ′ searches. More parameter
space is opening up for a low kinetic decoupling temperature as in the case with extra light
fermions in the dark sector or in the presence of a cancellation mechanism of radiative
Z ′ corrections to split masses for dark mesons. We leave a further discussion on those
important issues in a future work.
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A Wess-Zumino-Witten Z ′ interactions for dark mesons

For dark flavors with Nf = 3, the gauged WZW terms contain the Z ′ couplings to three
dark mesons are enumerated as

LZ′,3π = − iNcgZ′

12
√

3π2f3
π

εµνρσZ ′µ∂νη
0∂ρK

+∂σK
− − 3iNcgZ′

4
√

3π2f3
π

εµνρσZ ′µ∂νη
0∂ρK

0∂σK0

+ iNcgZ′

6
√

3π2f3
π

εµνρσZ ′µ∂νη
0∂ρπ

+∂σπ
−

+ iNcgZ′

12π2f3
π

εµνρσZ ′µ∂νπ
0∂ρK

+∂σK
− + iNcgZ′

4π2f3
π

εµνρσZ ′µ∂νπ
0∂ρK

0∂σK0

− i
√

2NcgZ′

12π2f3
π

εµνρσZ ′µ∂νπ
+∂ρK

0∂σK
−

− i
√

2NcgZ′

12π2f3
π

εµνρσZ ′µ∂νπ
−∂ρK

+∂σK0. (A.1)

If the dark flavor mixings are included, the above gauged WZW terms become

LZ′,3π̃ =− 5iNcgZ′

12
√

3π2f3
π

εµνρσZ ′µ∂ν η̃
0∂ρK̃

+∂σK̃
−− 5iNcgZ′

12
√

3π2f3
π

εµνρσZ ′µ∂ν η̃
0∂ρK̃

0∂σK̃0

− iNcgZ′

6
√

6π2f3
π

εµνρσZ ′µ∂ν η̃
0∂ρπ̃

0∂σπ̃
−+ iNcgZ′

6
√

6π2f3
π

εµνρσZ ′µ∂ν η̃
0∂ρπ̃

0∂σπ̃
+

+ iNcgZ′

3
√

3π2f3
π

εµνρσZ ′µ∂ν η̃
0∂ρK̃

0∂σK̃
−+ iNcgZ′

3
√

3π2f3
π

εµνρσZ ′µ∂ν η̃
0∂ρK̃

+∂σK̃0

− iNcgZ′

12π2f3
π

εµνρσZ ′µ∂ν π̃
0∂ρK̃

+∂σK̃
−+ iNcgZ′

12π2f3
π

εµνρσZ ′µ∂ν π̃
0∂ρK̃

0∂σK̃0 (A.2)

+ i
√

2NcgZ′

12π2f3
π

εµνρσZ ′µ∂ν π̃
+∂ρK̃

0∂σK̃0+ i
√

2NcgZ′

12π2f3
π

εµνρσZ ′µ∂ν π̃
−∂ρK̃

0∂σK̃0

− i
√

2NcgZ′

12π2f3
π

εµνρσZ ′µ∂ν π̃
+∂ρK̃

0∂σK̃
−− i
√

2NcgZ′

12π2f3
π

εµνρσZ ′µ∂ν π̃
−∂ρK̃

+∂σK̃0

+ i
√

2NcgZ′

12π2f3
π

εµνρσZ ′µ∂ν π̃
+∂ρK̃

+∂σK̃
−+ i
√

2NcgZ′

12π2f3
π

εµνρσZ ′µ∂ν π̃
−∂ρK̃

+∂σK̃
−.
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