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Rich and complex dark sectors are abundant in particle physics theories. Here, we propose performing
spectroscopy of the mass structure of dark sectors via mono-photon searches at lepton colliders. The energy
of the mono-photon tracks the invariant mass of the invisible system it recoils against, which enables
studying the resonance structure of the dark sector. We demonstrate this idea with several well-motivated
models of dark sectors. Such spectroscopy measurements could potentially be performed at Belle II,
BES-III and future low-energy lepton colliders.
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I. INTRODUCTION

The existence of dark matter (DM) is by now well
established, though its exact identity is unknown.
Theoretical proposals for its particle nature span many
orders of magnitude in mass, with various possible mech-
anisms for setting its relic abundance. Often, DM is part of a
larger dark sector, comprised of a wealth of resonances, and
can exhibit rich dynamics. Moreover, complex dark sectors
can arise in models beyond the Standard Model (SM),
irrespective of candidates for dark matter. The possibility to
experimentally study the structure of dark sectors is, there-
fore, an extremely relevant and important task.
In the context of dark sectors, expansive attention has

been devoted to dark photons that are kinetically mixed
with the SM hypercharge [1]. Constraints from beam
dumps, fixed-target experiments, B-factories, stellar envi-
ronments and colliders have been widely studied in the
literature (see e.g. Refs. [2–39], and Ref. [40] for a recent
review of this topic). Experiments such as BABAR and
those at LEP or the LHC have access to the light states of a
dark sector by searching for events with missing energy.

Such searches are generically sensitive to dark sector states,
but do not directly probe the spectrum of the dark sector,
which can often be rich with dark meson resonances. (For
works on measuring different dark sector properties at
colliders, see Refs. [41–45].)
Here, we propose a method to probe the resonance

spectrum of a dark sector. The idea is simple, and we first
draw an analogy from QCD. At an eþe− machine, the
resonance structure of QCD can be mapped by scanning
the center of mass energy of the collision. Similarly, the
resonance spectrum can be studied by looking at eþe− →
γ þ hadrons events at a fixed center of mass energy
collision. There, the mono-photon energy traces the mass
of the system it recoils against, thus performing spectros-
copy even at fixed center of mass energy. As the observa-
tion of the resonances is not required, such a measurement
can easily be performed on a dark sector, where the
resonances may be invisible. A schematic description of
this proposed dark spectroscopy is given in Fig. 1.

FIG. 1. Mono-photon production at a lepton collider.

*yonit.hochberg@cornell.edu
†kuflik@cornell.edu
‡hitoshi@berkeley.edu, hitoshi.murayama@ipmu.jp

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 97, 055030 (2018)

2470-0010=2018=97(5)=055030(7) 055030-1 Published by the American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.97.055030&domain=pdf&date_stamp=2018-03-22
https://doi.org/10.1103/PhysRevD.97.055030
https://doi.org/10.1103/PhysRevD.97.055030
https://doi.org/10.1103/PhysRevD.97.055030
https://doi.org/10.1103/PhysRevD.97.055030
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


We propose, and study the feasibility of, performing
spectroscopy of generic dark sectors at low-energy col-
liders. The specific case of a strongly interacting massive
particle (SIMP) dark sector [46,47], was previously con-
sidered by the authors in Ref. [43]. However, the concept
outlined in Ref. [43] applies more broadly to any strongly
coupled dark sector that interacts with the SM, regardless of
the nature of dark matter within the model. It is the purpose
of this paper to demonstrate this in a concrete manner.

II. CONCEPT

In a lþl− → γ þ inv collision at center-of-mass energyffiffiffi
s

p
, the energy of the outgoing photon is in one-to-one

correspondence with the invariant mass of the invisible
system, Minv, it recoils against:

Eγ ¼
ffiffiffi
s

p
2

�
1 −

M2
inv

s

�
: ð1Þ

Thus, by measuring the photon energy, one can determine
the spectrum of the undetected system in the process.
For concreteness, we study the case in which a dark

sector communicates with the visible sector via a vector, V.
In later sections, we will take V to be darkUð1Þd photon γd,
which is kinetically mixed with hypercharge. The mono-
photon production cross section at a lepton collider can
then be written as

σðlþl− → γþ invÞ

¼ 3α

s

Z
d cosθ

Z
dM2

inv
M2

inv

ðM2
inv −m2

VÞ2 þm2
VΓ2

×
ΓV→invðMinvÞ

Minv

ΓV→eþe−ðMinvÞ
Minv

8− 8βþ 3β2 þ β2 cos2θ
βsin2θ

;

ð2Þ

where β ¼ 1 −M2
inv=s and the decay widths are to be

computed for mV ¼ Minv, reflecting the off-shell nature of
the vector in the process.
The irreducible SM background of lþl− → γνν̄ which

proceeds via an off-shell Z is easily obtained from Eq. (2)
by takingmV ¼ mZ and replacing the invisible width by the
Z width into neutrinos. (Note that the contribution from W
fusion is negligible.) Additional backgrounds arise from
lþl− → γγ (peaked atM2

inv ¼ 0), as well as from lþl− →
γγγ and lþl− → γlþl− when only one photon is observed
due to other particles going undetected down the beam-pipe
or in a detector crack. Such backgrounds can potentially be
mitigated with knowledge over the location of the detector
cracks.
We study the potential of low-energy electron collider

experiments, such as Belle II and BES-III, to probe the
spectroscopy of the dark sector. Belle II is expected to
operate at

ffiffiffi
s

p ¼ 10 GeV with 50 ab−1 of data and

Oð1–2%Þ energy resolution at large Eγ [48]. BES-III
operates at lower center-of-mass-energy

ffiffiffi
s

p
∼ 4 GeV, with

anticipated 10 fb−1 and ∼2% energy resolution at high
photon energies [49]. To demonstrate the potential reach of
these machines, photon energies are smeared using a
Gaussian distribution with a given energy resolution. We
will take the photon acceptance to be jcos θj < cos 12°,
motivated by the geometric coverage of Belle II, between
12 to 157 degrees.

III. RESULTS

To demonstrate the ability to perform dark spectroscopy
at low-energy lepton colliders, we first consider the QCD
spectrum, followed by several well-motivated dark sector
scenarios. We emphasize that the properties of the dark
sector are unknown; the goal of the measurement is to
uncover its structure. The dark sectors we study below are
just examples that serve to illustrate in a concrete fashion
how dark spectroscopy can be achieved.

A. Standard model QCD

We begin by examining what the resonances of QCD
would look like in mono-photon events when ignoring the
hadronics in the process, as if they had decayed “invisibly.”
(Note that the actual presence of hadronic activity in the
QCD process means that QCD events are not an irreducible
background to the new physics search we propose.) In the
SM, the cross section for the lower resonances are
dominated by off-shell photons.1 The width of the off-
shell photon can be found from the total hadronic cross-
section in eþe− annihilations. Using standard notation, the
total cross section at center of mass energy

ffiffiffi
s

p
is

RðsÞ≡ σðeþe− → hadronÞ
σðeþe− → μþμ−Þ0

; ð3Þ

where the subscript 0 refers to the lowest order QED
calculation for massless muons,

σðeþe− → μþμ−Þ0 ¼
4πα2

3s
: ð4Þ

The data for RðsÞ is taken from Refs. [50,51]. By cutting
the photon propagator in the diagram, RðsÞ can be written
in terms of the off-shell widths at mγ� ¼

ffiffiffi
s

p
,

1A low-energy description of the vector meson couplings to
leptons, called vector-meson dominance, can be given by an
effective meson kinetic-mixing with the photons. In this descrip-
tion, the process proceeds via on off-shell photon that mixes with
the hadronic resonance. We will use this to describe production of
dark resonances, via an off-shell massive vector, below.
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RðsÞ ¼ Γγ�→hadronsð
ffiffiffi
s

p Þ
Γγ�→μþμ−ð

ffiffiffi
s

p Þ : ð5Þ

The off-shell hadronic width atMinv to be used in Eq. (2) is

Γγ�→hadðMinvÞ ¼ RðMinvÞ
αMinv

3
; ð6Þ

and the off-shell electron width,

Γγ�→eþe−ðMinvÞ ¼
αMinv

3
: ð7Þ

The resulting spectrum for
ffiffiffi
s

p ¼ 10 GeV at Belle II with
50 ab−1 is shown in the left panel of Fig. 2 as a function of
the mono-photon energy. We show the QCD result in red,
compared to the smeared cross section given a 1% energy
resolution, shown in blue, as well as the number of events
in 50 MeV bins, with Poisson variation. The low-mass
resonances show up as one, with the dominant contribution
coming from the ϕ. The higher mass J=ψ and ψð2SÞ
resonances are clearly visible in the distribution, though the
energy resolution of the machine significantly broad-
ens them.

B. Mirror QCD

Next, we consider an identical mirror copy of the SM
(except the mirror photon is massive), where the low-energy
resonance structure of the mirror QCD sector is identical to
that of QCD. Such a scenario can be motivated by mirror
models [52–54] or models of neutral naturalness [55–62].
We assume that there is kinetic mixing between the SM

hypercharge and the massive mirror photon, labeled Bμ and
Aμ, respectively,

L ¼ LSM þ LMirror þ
1

2
m2

γdAμAμ −
sin χ
2

BμνAμν: ð8Þ

Here, the production of mirror mesons proceeds through
an additional off-shell mirror photon via the kinetic mixing
to the off-shell SM photon. As the mirror sector is identical
to the SM—with the same mass spectrum and coupling
strengths as in the SM—the rates can be easily obtained.
The widths in Eqs. (6) and (7) are modified to the case at
hand (see e.g. Ref. [63]),

Γγ�d→invðMinvÞ ¼ RðMinvÞ
αDMinv

3
;

Γγ�d→eþe−ðMinvÞ ¼ ϵ2γ
αMinv

3
; ð9Þ

where ϵγ ≃ −cw sin χ. For a full list of conventions, see
Sec. 3.1 of Ref. [43].
We take the kinetically mixed mirror photon mass and

kinetic mixing parameter to obey all existing constraints
(see e.g. Ref. [43]), and show the expected binned
distribution at Belle II in right panel of Fig. 2, for
mγd ¼ 12 GeV, ϵγ ¼ 10−2 and αD ¼ α, along with the
SM background. The heavy mirror quarkonium resonances
ψdð2SÞ and J=ψd are clearly visible in the mono-photon
distribution, as is the presence of lower resonances around
the dark ϕd. The narrow states provide a large enhancement
in the signal relative to the perturbative prediction if one
neglects the resonance structure: for Belle II, the total
number of events around the J=ψd [ψdð2SÞ] peak is around
∼10 ½∼16� times larger than the perturbative continuum.
A measurement of the cross-section will allow for deter-
mination of the mirror quark masses and strong coupling

FIG. 2. Left: Distribution for eþe− → γ þ had for QCD, when ignoring the hadronic activity, at
ffiffiffi
s

p ¼ 10 GeV at Belle II with 50 ab−1

of data (red), and the expected results for 1% energy resolution (blue) and binned data (black). Right: The expected distribution for
eþe− → γ þ inv for a mirror copy of QCD, with mγd ¼ 12 GeV and ϵγ ¼ 10−2, for 50 ab−1 at Belle II with

ffiffiffi
s

p ¼ 10 GeV (red), 1%
energy resolution (blue), and binned data (black). The SM background of eþe− → γνν is shown in green in both panels.
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constant at the scale of the resonance. We learn that Belle II
could shine light on the structure of a mirror QCD.

C. Dark sectors

Next, we consider examples of the resonance structure of
generic dark sectors such as strongly coupled theories
inspired by the models of SIMP dark matter [46,47]. In
general, we will consider confining gauge theories with a
gauged dark Uð1Þd which kinetically mixes with hyper-
chage via the Lagrangian Eq. (8). Then production of
singlet vector mesons (singlets under both the flavor
symmetry and Uð1Þd) will proceed via kinetic mixing with
the dark photon γd. We will refer collectively to the pseudo
Nambu-Goldstone bosons as dark pions πd, and to the light
singlet vector mesons that strongly decay as dark rho-
mesons ρd.
For concreteness of the discussion below, we consider

SpðNcÞ theories with 2Nf Weyl fermions in the funda-
mental representation with degenerate quark masses,
so that there are pions on the SUð2NfÞ=Spð2NfÞ coset
space and ρd mesons are in the adjoint of Spð2NfÞ. This
easily generalizes to other gauge theories, with similar
phenomenology.
For the ρd resonance spectrum, we use the partial

widths modeled in Ref. [43] as inspired by soft-wall
QCD; for simplicity, we summarize the relevant results
here. Using the effective meson dominance Lagrangian of
ρd-γd mixing,

Lint ¼
FρneD
2m2

ρn

Aa
μνρ

μνa
n þ ðeDAa

μ þ gρρaμÞJaμ; ð10Þ

the spectrum and decay constants are given by

m2
ρn ¼ nm2

ρ1 ;
F2
ρn

m2
ρn

¼ m2
ρ1

2g2ρ
; g2ρ ¼

12π2

Nc
; ð11Þ

with the ρ → πdπd partial widths of

Γρ
n ¼ DR

4

β3

96π
g2ρmρn ; β ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
πd

m2
ρn

s
; ð12Þ

assuming all the dark pions πd are degenerate. Here, the
factorDR ¼ TrðTρÞ2 and Tρ is the generator corresponding
to the ρd-vector.
Constraints and reach. Next, we estimate the range of

parameters in which dark-ρ spectroscopy can be performed.
The effective interaction Lagrangian Eq. (10) introduces
effective ρd-γ mixing of the size

Leff ¼
ϵρn
2
Ba
μνρ

μνa
n ; ϵρn ≃

8<
:

Fρnm
2
ρn eD

m2
γd

ϵγ mγd ≫mρn

FρneD
m2

ρn
ϵγ mγd ≪mρn

: ð13Þ

One can then translate the constraints and estimated reach
of a dark photon with mass and kinetic-mixing fmγd ; ϵγg
onto a ρd meson with mass and kinetic mixing fmρn ; ϵρng.
These are show in Fig. 3 for high (left) and low (right) mγd ,
for an SUð2Þd ×Uð1Þd gauge theory, with two massless
quarks of charge 1, and αD ¼ 0.1. We show the constraints
from electroweak precision observables (EWPO) [64] and
the BABAR search for dark photons [65], which are
independent of the dark sector dynamics and couplings.
We also show the translated constraints for ρd at BABAR
[65], as well as the conservative projections of Ref. [66] for
Belle II, which assumes a 1.7% energy resolution. We note

FIG. 3. Constraints on the dark ρd parameter space, from electroweak precision observables [64] (shaded orange), BABAR search for
dark photons [65] (shaded purple), translated BABAR constraints for ρd [65] (shaded green) and the estimated reach at Belle II [66] (solid
and dashed blue curves) and NA64 (solid red) [35], for a heavy (left) and light (right) dark photon.
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that the expected reach improves with Nf, Nc and αD. We
also show the estimated reach of NA64 [35]. Next, in order
to resolve the different ρd peaks from each other, the
separation of the peaks need to be larger than the resolution,

which imposes mρ1 ≳
ffiffiffiffiffiffiffiffi
s
σEγ
Eγ

q
. At Belle II, with optimized

1% energy resolution, this requires mρd ≳ 1 GeV. Finally,
the ρd bumps should be visible above the continuum dark
hadronic production, which is achieved whenever the
signal is visible.

Generic dark sector. To exemplify the potential spec-
troscopy of a generic dark sector, we consider an Spð2Þd ×
Uð1Þd gauge theory with Nf ¼ 2 as above [note that Spð2Þ
is SUð2Þ]. In Fig. 4, we show the expected mono-photon
energy distribution for 1% energy resolution, using the
expected luminosity of 50 ab−1 at Belle II, for the case
mπd ¼ 1 GeV, mρ1 ¼ 4 GeV and ϵγ ¼ 10−2. While the
dark photon resonance cannot be seen, the spectrum of
resonances is clearly visible at Belle II. This demonstrates
that our proposed spectroscopy measurement can be the
means through which to discover the dark sector.
SIMPs. Next, we consider a similar symmetry breaking

pattern but with a different spectrum. Motivated by SIMP
dark matter [43,46,47], where the relic abudance is con-
trolled by 3 → 2 annihilations (and see Refs. [67,68] for
contributions of semi-annihilations as well), we take an
Spð4Þd gauge theory with 4 Weyl fermions, which after
confinement gives rise to dark pions πd which can play the
role of darkmatter.We usemπd ¼500MeV,mρ1=mπd ¼ 2.1,
mγd ¼3GeV, ϵγ¼8×10−4 and αd¼1=ð4πÞ, and show the
resulting invariant mass distribution for eþe− collisions forffiffiffi
s

p ¼ 10 GeV at Belle II in the left panel of Fig. 5. In this
case, the ρd-resonances cannot be resolved atBelle II, but the
dark-photon peak is clearly visible. For comparison, we
show the distribution for eþe− collisions for lower

ffiffiffi
s

p ¼
4 GeV at BES-III (with increased luminosity) in the right
panel of Fig. 5, where the resonances are visible. There can
also be a kinematic sharp edge at Eγ ¼ 1.875 GeV, corre-
sponding to Minv ¼ 2mπd . We learn that low-energy lepton
collider experiments such as BES provide complementary
tools to higher-energy machines such as Belle II in perform-
ing spectroscopy of dark sectors.

FIG. 4. The cross section for eþe− → γ þ inv at
ffiffiffi
s

p ¼ 10 GeV
for an Spð2Þd ×Uð1Þd gauge theory with four Weyl fermions,
mγd ¼ 12, mπd ¼ 1, mρ1 ¼ 4, ϵγ ¼ 10−2 and αD ¼ 0.1, with 1%
energy resolution. The SM background eþe− → γνν is shown in
green.

FIG. 5. The cross section for eþe− → γ þ inv for SIMP dark matter of an Spð4Þd × Uð1Þd gauge theory with 4 Weyl fermions,
mγd ¼ 3 GeV, mπd ¼ 500 MeV, mρ1=mπd ¼ 2.1, ϵγ ¼ 8 × 10−4 and αd ¼ 1=ð4πÞ, for Belle II at ffiffiffi

s
p ¼ 10 GeV with 50 ab−1 of data

(left) and for BES-III with high luminosity of 100 fb−1 of data (right), with 1% and 2% energy resolution, respectively. The SM
background of eþe− → γνν is shown in green in both panels.
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IV. SUMMARY

In this paper, we have proposed a method to study the
spectrum of dark sectors via the measurement of mono-
photon events at low-energy lepton colliders, such as theBelle
II and BES experiments. By considering well-motivated dark
sectors, we have shown that such dark spectroscopy can
successfully be performed at Belle II, BES and at future low-
energy lepton collider experiments, providing a novel new
avenue in which to explore the riches of the dark world.
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