Front. Phys. 11(5), 111403 (2016)
DOI 10.1007/s11467-016-0541-1

REVIEW ARTICLE

Light dark sector searches at low-energy high-luminosity
ete™ colliders

Peng-Fei Yin''', Shou-Hua Zhu?3*

L Key Laboratory of Particle Astrophysics, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
2 Institute of Theoretical Physics & State Key Laboratory of Nuclear Physics and Technology, Peking University,
Beiging 100871, China
3 Collaborative Innovation Center of Quantum Matter, Beijing 100871, China
4 Center for High Energy Physics, Peking University, Beijing 100871, China
Corresponding author. E-mail: Tyinpf@ihep.ac.cn

Received October 2, 2015; accepted November 27, 2015

Although the standard model (SM) is extremely successful, there are various motivations for consid-
ering the physics beyond the SM. For example, the SM includes neither dark energy nor dark matter,
which has been confirmed through astrophysical observations. Examination of the dark sector, which
contains new, light, weakly-coupled particles at the GeV scale or lower, is well motivated by both
theory and dark-matter detection experiments. In this mini-review, we focus on one particular case
in which these new particles can interact with SM particles through a kinematic mixing term be-
tween U(1) gauge bosons. The magnitude of the mixing can be parameterized by a parameter e.
Following a brief overview of the relevant motivations and the constraints determined from numer-

wm
Q
.-
wm
>
=
~
S
)
&
2
e
=
)
=
=

ous experiments, we focus on the light dark sector phenomenology at low-energy high-luminosity
eTe™ colliders. These colliders are ideal for probing the new light particles, because of their large
production rates and capacity for precise resonance reconstruction. Depending on the details of a

given model, the typical observed signatures may also contain multi lepton pairs, displaced vertices,
and/or missing energy. Through the use of extremely large data samples from existing experiments,
such as KLOE, CLEO, BABAR, Belle, and BESIII, the € < 1041072 constraint can be obtained.
Obviously, future experiments with larger datasets will provide opportunities for the discovery of
new particles in the dark sector, or for stricter upper limits on e. Once the light dark sector is
confirmed, the particle physics landscape will be changed significantly.
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1 Introduction

Since the 1960s, the standard model (SM) has achieved
great success. For example,
achievement is the discovery of the Higgs boson in 2012.
However, many unresolved fundamental mysteries, such
as the hierarchy problem, the unification problem, the
origins of mass, flavor structure, and CP violation, and

one recent remarkable

the nature of matter-antimatter asymmetry, dark energy
and dark matter (DM), suggest the existence of new
physics beyond the standard model (BSM) (see, e.g., [1-
3]). Thus, searching for the BSM is a very important goal
of modern physics.

There are three basic frontiers in particle physics,
namely, the energy, intensity, and cosmic frontiers. A pri-
mary goal of the Large Hadron Collider (LHC) and other
“energy frontier” experiments is exploration of the next
energy scale above the electroweak symmetry breaking
scale. Such experiments can be used to search for new
particles predicted by the BSM with masses at or above
several hundreds of GeV, which are directly produced by
high-energy collisions. High-precision measurements of
W, Z, and Higgs bosons, and top quarks, may also reveal
the BSM at high energies. Terrestrial and satellite “cos-
mic frontier” experiments probe DM particle signatures,
which are often assumed to indicate kinds of weakly in-
teracting massive particles in the BSM. “Intensity fron-
tier” experiments can be complementary to the other two
kinds of experiments. Through the use of high-precision
measurements with extremely large data samples, such
research can indirectly facilitate exploration of a higher
energy scale than that of high-energy colliders in some
BSM scenarios (see, e.g., [4]). On the other hand, “in-
tensity frontier” experiments can test the low-energy be-
havior of the BSM, even if such scenario would be firstly
discovered in the other frontiers.

A well-motivated BSM scenario is the so-called “dark
sector”, which has a rich structure (see, e.g., [5]). Unlike
conventional BSM scenarios, where new particles are
often set at high energy scales, the dark sector may con-
tain a series of new, light, weakly interacting particles.
As illustrated in Fig. 1, some “portals” permitted by the
SM symmetries can connect the dark sector to the SM,
i.e., the vector, axion, Higgs, and neutrino portals. These
portals are often described using various operators, in-
cluding mixing terms between the SM particles and new
light particles. In this mini-review, we focus on searches
for the vector portal. In this scenario, the dark-sector
particles can interact with the SM particles via a new,
massive, spin-1 gauge boson named a “dark photon”

BSM
_ (heavy)
Energy ,27N susy,exm
y dimension,
/ unification,...
/
Z
Stangall’d Portal Dark sector
mode :
Vectog, Higgs (light)
xion, nedrigo|nNeW gauge bosons,
new Higgs,
Intensity light dark matter, ...

Fig. 1 The relation between the SM, BSM and light dark sectors
considered in this mini-review.

A'D | The dark sector containing the light A’ and other
new particles has a rich and interesting phenomenology
in the energy, cosmic, and intensity frontiers [4, 5].

The probing of new, light, weakly coupled particles
at low-energy ete™ colliders has several particular ad-
vantages [6-12]. First, the A’ production rate at a low-
energy eTe™ collider is large, as its production cross sec-
tion is inversely proportional to the center-of-mass en-
ergy FEcpm. Second, the high luminosity is ideal for col-
lecting events from rare processes. Third, the environ-
ment of an ete™ collider is clean and well controlled. It
is possible to reconstruct the masses of new light par-
ticles from the di-lepton invariant mass distribution. As
no significant signals have been found in the extremely
large datasets collected to date, the findings of low-
energy high-luminosity eTe™ collider experiments such
as KLOE, CLEO, BABAR, Belle, and BESIII have set
stringent upper limits on the mixing parameter between
the photon and A’, labeled ¢, at a level of 10741073,

This review is organized as follows. In Section 2, we
introduce the dark-sector model, in which new light par-
ticles couple to SM particles through a kinematic mixing
term. In Section 3, we summarize the hints of the dark
sector obtained from DM search experiments. In Section
4, we briefly discuss searches for A" with mass ma» > 1
MeV, which involve low-energy tests, fixed-target exper-
iments, and high-energy colliders. In Section 5, we dis-
cuss the production and decay processes of dark bosons
at a low-energy eTe™ collider. In Section 6, we intro-
duce some current A’ search results obtained at ¢, B,
and charm factories. The discussion and conclusions are
given in the final section.

2 Model with kinematic mixing

A new Abelian gauge group U(1)p present in the dark

1) This boson is also referred to as the heavy photon, hidden photon, or U boson (denoted by +/, or U) in the literature.
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sector would mix with the SM U (1)y [13]. This kinematic
mixing term can be expressed as

1
Emiz = EEIBM,/F/#U

1
= 56/(COS Ow F — sinOw Z,, ) F'" (2.1)
where € is a mixing coefficient, Oy, is the Weinberg an-
gle, and By, F.u, Z,,,, and FZW are the field strengths of
the hypercharge field, photon, Z boson, and A’, respec-
tively. L,iz can be removed through a field redefinition
of the photon and A’. These field shifts induce an order-
€ coupling between A’ and the electromagnetic current
JE  such that

L =¢€cosbwA JH

pnem:*

(2.2)

Precise quantum electrodynamic (QED) measure-
ments require an extremely small € = € cos Oy . If U(1)y
is embedded in a Grand Unified Theory (GUT) group at
some high-energy scale, L,,;, may be absent. At low en-
ergies below the scale of GUT breaking, the loop effects
of particles charged under both SM and dark sectors can
radioactively generate the mixing [14]. The heavy fields
running in the loop can be removed through integration,
and the kinematic mixing can then be expressed as |9,

15]
M2

g (M) )
where M and M’ are the heavy-multiple component
masses and gp and gy are U(1) couplings in the dark
and SM sectors, respectively. If the mass ratio M /M’
and gauge coupling gp are assumed to have reasonable
values, a small € ~ 107-1072 can be generated natu-
rally. If U(1)p is also embedded in some GUT groups,
€ is suppressed significantly as a result of higher-order
effects [14]. Furthermore, an extremely small e can be
achieved in string theory [16, 17].

There may also exist other new particles in the dark
sector. For example, a dark Higgs charged under U (1)p is
required in order to generate the A’ mass term +m?, A",
In the supersymmetry (SUSY) scenario, the D-term mix-
ing between U(1)p and U(1)y induced by the kinematic

mixing leads to an effective Fayet-Iliopoulos term with a
scale of [15, 18]

;  9vy gD
€ ~

= (2.3)

1
&~ Ze’gy cos 23 v2. (2.4)

Following U(1) p symmetry breaking, this term naturally

generates a dark-particle mass scale of
gDé- ~ G€V2,

for € ~ 10741073,

More generally, the dark-sector gauge structure may
contain some non-Abelian groups [14, 15]. In this case,
there are extra charged and neutral gauge bosons in the
dark sector. The Higgs bosons under both U (1) and non-
Abelian groups then make all the gauge bosons mix with
each other. Therefore, the extra gauge bosons can also
obtain masses of ~ GeV and ~ O(10~3) couplings to the
electromagnetic current.

(2.5)

3 Hints of light dark sector from dark-matter
search experiments

Although the existence of DM has been confirmed via
numerous past astrophysical and cosmological observa-
tions, the fundamental nature of DM particles remains
unclear. DM detection experiments, including indirect,
direct, and collider detections, attempt to discover the
non-gravitational interactions between DM and SM par-
ticles. To date, the majority of these experiments have
not detected DM signatures, but anomalies that may
have been induced by DM particles have been reported
in some cases. Interestingly, these results listed below
provide strong support for the dark-sector scenario (see,
e.g., [5, 19]).

1) In 2008, the PAMELA satellite-based telescope re-
ported a cosmic-ray positron excess at energies of O(1)—
O(10%) GeV with high significance [20]. This finding has
since been confirmed by many other experiments, such
as ATIC [21], Fermi [22], and AMS02 [23], and can be in-
terpreted as being due to local exotic electron/positron
sources. If these anomalous positrons are produced by
DM annihilations in the Galaxy, two important points
would be clarified. First, in order to explain these data,
the DM annihilation cross section would be required to
be ~ 102103 times larger than that required by the
thermal freeze-out mechanism ~ 3 x 10726 cm3.s71.
Second, the PAMELA antiproton measurement would
be consistent with the astrophysical prediction at en-
ergies of O(10) GeV [24]?. This feature sets stringent
constraints on the DM annihilation channels to quarks
and gauge bosons. These two problems can be elegantly
solved in the dark-sector scenario [26, 27]. According to
that model, DM particles with masses of ~ TeV annihi-
late to yield a pair of light bosons, which subsequently
decay to charged leptons xxy — A’A’ — [lll. Thus, com-

2) The latest AMS02 antiproton measurement seems to leave room for DM products above ~ 100 GeV [25]. However, as the uncertainties
arising from the antiproton production and propagation processes remain large, further precise data at high energies are required.
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pared with the ordinary annihilation process in the early
Universe, the long-range attractive force between incom-
ing DM particles mediated by light bosons significantly
enhances the DM annihilation cross section at low veloc-
ities in the Galaxy. This is the so-called “Sommerfeld en-
hancement.” If the mass of new boson is smaller than the
antiproton mass, the production of antiprotons is simply
forbidden as a result of the associated kinematics.

2) The majority of direct-detection experiments have
not found DM signatures. Instead, they have simply set
strong bounds on the DM-nucleus scattering cross sec-
tion. However, some experiments, such as DAMA [2§],
CoGeNT [29], and CRESSTII [30], have reported ex-
otic signatures. For example, researchers at the DAMA
scintillator experiment have reported observation of an
annual modulation signal since the late 1990s. Although
the DAMA apparatus can not distinguish the DM signal
from the background exactly, the phase and amplitude
of the modulation data are well explained as modulation
of the DM-nuclei scattering rate, which is caused by the
Earth’s rotation around the Sun. If the scattering is elas-
tic and spin independent, the DM mass and scattering
cross section are required to be ~ 10 GeV and O(10~4°)
cm?, respectively. This scattering cross section can be
achieved through the t-channel exchange of a new light
boson between the DM and nucleus (see, e.g., [31]). The
corresponding parameter space is marginally consistent
with that employed in the interpretation of the CoGeNT
and CRESSTII results. In order to reconcile the tension
between the DAMA signal and null results from other di-
rect detection experiments, an “inelastic DM” scenario
has been proposed, where the DM y is scattered from a
nucleus into a DM excited state x*, with mass splitting
of § ~ 102 keV [32]. As discussed in Ref. [26], this small
0 can be radiatively generated by the gauge bosons at
the ~ GeV scale in the dark sector.

3) The INTEGRAL telescope has detected a ~ 511-
keV gamma-ray line at the Galactic Center [33], which
could be produced through annihilations of electrons and
positrons with energies of ~ O(1) MeV [34]. These soft
electrons and positrons can be explained as being due to
the annihilation of light ~ O(1)-MeV DM particles via
a light A’, where Yy — A’ — eTe™. Another interest-
ing interpretation is the so-called “exciting DM” model
[35]. In this model, DM scattering may produce an ex-
cited DM state with § ~ O(1) MeV, which subsequently
decays to the ground state and a soft eTe™ pair, i.e.,
X* — xete .

4) Through analysis of Fermi-LAT data, some groups
have recently reported an excess of gamma rays at the
GeV scale in the Galactic Center and inner galaxy [36,
37]. In the dark-sector scenario, light bosons from DM

111403-4

annihilations can decay into mesons and charged leptons.
They can then produce gamma rays through meson de-
cay, final-state radiation, and inverse Compton scatter-
ing processes [38, 39]. Compared with the ordinary in-
terpretation of ~ 30-GeV DM annihilation to yield bb for
the GeV excess, DM annihilation into light bosons (e.g.,
m’y < 1 GeV) would not produce antiprotons, because
of the associated kinematics, and stringent antiproton
constraints at the ~ GeV scale would then be avoided.

Finally, it should be emphasized that all the above
anomalies have non-DM explanations. For example, the
extra high-energy cosmic-ray electrons and positrons
mentioned above may be generated by nearby pulsars
(see, e.g., [40]). Whether these exotic signals are gen-
erated from DM or from astrophysical sources remains
debatable.

4 Constraints on light dark sector

Several experiments focused on the intensity and energy
frontiers have been used to investigate the light parti-
cles in the dark sector over a long period of time [5].
New, high-precision, large-scale experiments are also be-
ing considered. As no A’ signatures have been found,
these projects, which involve electron and muon anoma-
lous magnetic moment (g—2); measurements, low-energy
e~ colliders, beam-dump experiments, fixed-target ex-
periments, high-energy colliders, and so on, have set
strong constraints on the dark-photon mass m 4/ and e.
Fig. 2 shows the limits for m 4, > 1 MeV obtained from
anomalous (g — 2); measurements [41], BABAR [42, 43],
KLOE [44, 45], WASA [46], HADES [47], MAMI Al
[48], APEX [49], PHENIX [50], NA48 [51], and reinter-
pretations of some older beam-dump-experiment results
[52-54]. In this section, we provide a brief overview of
these research efforts, which are focused on the intensity
and energy frontiers. Some recent summaries of existing
results can be found in Ref. [55-57]. For a more detailed
review, we refer readers to Ref. [2].

e

4.1 Anomalous lepton magnetic moment and
low-energy tests

In general, the coupling of A”’s to electromagnetic states
induces corrections to QED precision measurements.
These corrections depend on the range of the dark force
~ 1/m/, and the system size 74,5, which is of order [10]

mi\?

7’

e (1)
Tsys

where the parameter p depends on the system of mea-

(4.1)

Peng-Fei Yin and Shou-Hua Zhu, Front. Phys. 11(5), 111403 (2016)



REVIEW ARTICLE

“ 107

1074 —

102 107!

1 10

my (GeV)

Fig. 2 Constraints on the mixing strength e with the dark photon mass m 4, > 1 MeV from the measurements of electron
and muon anomalous magnetic moments, low energy ete™ colliders, beam dump experiments and fixed target experiments.

Reproduced from Ref. [55].

surement. For m 4 > 1 MeV, measurements of the atom
system yield limits of order ¢ ~ 10! only; stricter con-
straints are obtained from smaller-scale systems [10, 58].

Measurements of the anomalous (g — 2); can set strin-
gent constraints on A’. For m 4/ > my, the A’ contribu-
tion to (g — 2); is of order (for a full formula, see, e.g.,
[7, 58])

2
0(g—2) ~ 22

. 4.2
m m%/ ( )

For the electron magnetic moment (g — 2), the upper
limit is given by €2 ~ 1075(m4s/10 MeV)? [58]. For the
muon (g —2), and an m/, ~ 1-10% MeV, the upper limit
on € is of order 1073. It should be mentioned that this
constraint is a little ambiguous, because of the possible
discrepancy between the measured and predicted (g—2),
in the SM. Note that the A’ contribution can even be
used to reconcile this deviation.

Some other low-energy experiments, such as ve scat-
tering and atomic parity measurements, can constrain
the mixing between A’ and the Z boson [7, 10], which
is suppressed by a factor of (mas/mz)?, where mz is
the mass of the Z boson. The upper limits set by these
experiments are of order € ~ 0.1-1.

4.2 Fixed-target experiments

In electron fixed-target experiments, incoming electrons
hitting target protons could produce A”’s via initial- or
final-state radiations. These A’’s would then decay to
ete™ in the detector. One advantage of such experiments

Peng-Fei Yin and Shou-Hua Zhu, Front. Phys. 11(5), 111403 (2016)

is the large A’ production rate, which can be coherently
enhanced according to [59, 60]
adZ2%e

OeN—eNA ™~ 5
mA/

~ 100pb ( 106—4 ) 2 ( 10811&/(3\/’) -

The dominant QED background is composed of ete~
pairs from the radiative and Bethe-Heitler processes. In
order to suppress this background, excellent reconstruc-
tions of the ete™ invariant mass distribution and/or the
decay vertex of A’ are required. Several electron fixed-
target experiments have been proposed, such as APEX,
HPS and DarkLight at the Jefferson Laboratory [61], and
MAMI Al in Mainz [48]. The reaches of these experi-
ments are shown in Fig. 3. It is apparent that they are
sensitive to the O(107°) < € < O(1073) region in the
0(10) < m4» < O(100)-MeV mass range, which are still
permitted by current experimental constraints.

The results of electron beam-dump experiments can be
used to search for light A”’s with m 4. < O(100) MeV and
small € of O(1077) < € < O(1073) [54, 62, 63]. In these
experiments, A”’s are produced by a high-intensity elec-
tron beam dumped onto a target; they then decay into
the detector after propagating through a sizable shield.
In future, the limits on small € can be further refined
through the use of larger luminosity and longer shields.

Proton fixed-target experiments can be employed to
search for A”’s produced via decays of large numbers
of mesons generated by proton-proton collisions. As the
experimental principle in this case is similar to that of

(4.3)
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Fig. 3 Reaches of projected Belle-II and some electron fixed target experiments. Reproduced from Ref. [55].

neutrino experiments, several neutrino experiments can
also be used to probe dark bosons [64, 65]; for example,
CHARM, LSND, MINOS, and MiniBooNE.

4.3 High-energy colliders

In high-energy colliders, A”’s can be directly produced
via proton-proton collisions, or they can be indirectly
produced through heavy-particle decays, including the
decays of Z bosons, Higgs bosons, or some new BSM
particles [14]. For prompt production, where gq — gA’,
resonance reconstruction of lepton pairs from A’ decays
is required. If the dark sector has a rich structure with
several scalars and gauge bosons, it may be possible to
find a large number of A”’s in the final states of rare SM
7 and Higgs boson decays, such as Z — A’h/(— A’A")
and h — A’ A’ [66]. In general, these two kinds of produc-
tion processes are suppressed by a factor of €2 as a result
of the small e. The LHC at 14 TeV with high luminosity
will be sensitive to A”’s with masses larger than ~ O(1)
GeV.

An interesting production mechanism is provided by
the SUSY model. If the dark sector is also supersym-
metric, the ordinary lightest neutralino may not be the
actual lightest SUSY particle and it may be unstable.
According to this theory and depending on the model
sets, neutralinos and other SUSY partners decay into
DM and several dark scalars and gauge bosons [14, 15,
67]. These processes can be guaranteed by the R-parity
and are not suppressed by the small €. A”’s can also be
produced through the final state radiation from other
dark fermions [68, 69]. In such scenario, the final states

111403-6

also contain large missing energy induced by DM, which
is useful for background suppression.

In high-energy colliders, particles in the dark sector ex-
perience high boosting. Consequently, lepton pairs gen-
erated via their decays have small invariant masses of ~
GeV scale and small angular separations. Such objects
are so-called “lepton-jets”. Some technology for lepton
jet identification has been developed via LHC [70-72]
and Tevatron analyses [73].

5 Light dark sector phenomenology at
low-energy high-luminosity eTe™ colliders

5.1 Direct dark-photon production

Low-energy colliders such as B and charm factories are
suited to searches for dark-sector particles, because of
their large luminosities. Some A’ production processes
are shown in Fig. 4. A dominant direct A’ production
process is the eTe™ — ~vA’ associated production, which
is analogous to the eTe™ — 4y QED process. The signal
cross section can be estimated using (for a full formula,
see e.g., Ref. [9])

e2a?

2
Ecm

Oyar ~ 2w ~ €20y, (5.1)
where o is the production cross section of eTe™ — 7.
As these experiments are predominantly used to search
for lepton pairs from A’ decays, the QED main back-
ground is eTe™ — yy* — ~IT1~. The background cross

section around m;+;- = m s with window size dm is [10]

Peng-Fei Yin and Shou-Hua Zhu, Front. Phys. 11(5), 111403 (2016)
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Fig. 4 The direct production processes of the dark photon at the ete™ collider: (a) ete™ — A (b) ete™ — AlHI—,

(c) ete™ — Ay,

a om
Aabkg ~ ;O’Om .
A/

(5.2)

The significance of the signal can be estimated from
[10]

S 9 Tog [mas , _
=~ — | =——BR(A’ — "]
VB VL a \ om R4 — )

where L is the collider luminosity and BR(A" — [T17)
is the branching ratio of the A’ decay into leptons. For
a collider with oy ~ 107 fb, £ ~ 100 fb~!, and ém ~ 1
MeV, the experimental reach on € is ~ 1073, It is also
apparent from Eq. (5.3) that the sensitivity to € is im-
proved by a factor of (£/E? )'/* with increasing lumi-
nosity. This is why low-energy colliders are more sensitive
to light A”’s than high-energy colliders.

If the decay channels to other exotic particles are ab-
sent, the dominant decay products of the A" are charged
leptons or hadrons. Thus, a narrow peak (e.g., < O(1)
KeV) should appear in the di-lepton invariant mass dis-
tribution. The decay length of A’ — [T]~ in the rest
frame can be roughly estimated as [9, 58]

-1
1 2
CTA S 1+1— 5(16 ma

~ 10%m (g:{;)il (10673)72 .

For small m 4/ and €, a displacing vertex may exist at the
collider. The decay widths of the hadronic decay chan-
nels can be obtained from

(5.3)

(5.4)

I' 4/ _hadrons = FA/H‘U,‘F‘LL*R(S = mi,), (55)

@ 10*

10734

01 02 05 10 20 50 100
my (GeV)

where the R value is R = 0ct e _hadrons/Tete —ptp- -
In the regions near the resonances, such as p and w, the
dominant final states of the A’ decay may be 777~ or
77~ 0. Therefore, the sensitivities to A’ — [T1~ de-
crease in these regions. The I' and branching ratios of
the A’ to SM particle decays for € = 1072 are shown in
Fig. 5 [8].

Dark photons can also be produced via the eTe™ —
ete” A’ process [10]. This process is significant at small
mas, because of the large forward enhancement from
Bhabha scattering. The dominant QED background is
ete” — ete ITI~. Although efficient event triggering
and the reconstruction of overly forward leptons is chal-
lenging, this search is complementary to yA’ associated
production for small m 4.

5.2  Meson rare decay

Mesons can decay into an A’ with a suppressed branching
ratio

BR(X =Y +A4) ~BR(X =Y +7). (5.6)

The large meson statistics at low-energy eTe™ colliders
can compensate for this suppressed BR. The dominant
corresponding background for the A’ — I*1~ channel is
X =Y+~ =Y + 1T~ with my+;- ~ mys, and the

significance can be roughly estimated from [10]

S

BR(X - Y +7) -BR(A" —ItI7)

2

— ~/nxe
/—B X

VBR(X =Y +~* =Y +1+)

(b) 1.004
0.50

0.20
_ 0.104

% 0.051

0.021
0.014

01 02 05 10 20 50 100
my (GeV)

Fig. 5 (a) decay width of the dark photon to SM particles. (b) branching ratios of A’ — eTe™ (dashed), A’ — utp~
(dotted), A’ — 717~ (dot-dashed), and A’ — hadrons (solid). € is taken to be 10~2. Reproduced from Ref. [8].
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Table 1 The sensitivities to € for several meson decay channels. The dark photon mass is taken to be m 4 = 250 MeV. Reproduced
from Ref. [10].
X —YA nx mx —my (MeV) BR(X — Y7y) BR(X — Y/Te7) € <
n — yA' ny, ~ 107 547 2 x 39.8% 6 x 104 2x 1073
w— 7OA N ~ 107 648 8.9% 7.7 x 1074 5x 1073
¢ — nA’ ng ~ 1010 472 1.3% 1.15 x 10~* 1x10°3
K9 — A ngo ~ 1011 497 2 x (5.5 x 1074) 9.5 x 1076 2x 1073
K+t - gntA N+ ~ 1010 354 - 2.88 x 10~ 7 7x 1073
Kt — utvA’ Nyt ~ 1010 392 6.2 x 1073 7x 1078 2x 1073
Kt —etvA Nyt ~ 1010 496 1.5 x 1075 2.5x 1078 7x 1073
a'm3
/
. mA, 1Og mX - mY (5 7) Fh’—>A’A’ ~ 8 2h (59)
om 2my ’ Mg

where nx is the number of mesons. Note that the sensi-
tivity to € is slowly improved by a factor of n¥4. The €
sensitivities of several meson decay channels are summa-
rized in Table 1 [10]. For BR(X — Y +7) ~ O(1072) and
nx ~ O(10%), the experimental reach can be ~ 1073,

5.3 Production and decay of other dark particles

If the dark sector has a complex structure with many
new light particles, a very rich phenomenology can be
expected at the eTe™ collider. For example, a light dark
Higgs can be produced via a Higgs-strahlung process,
ete~ — A’R/, as shown in Fig. 6*). The cross section of
this process is estimated as (for E.,, > mas, mys, where
the latter is the mass of the dark Higgs) [8]

Taa' € o e \2( E -2
~20fbx [ & e
3EZ, X(a) (10*2) (10 GeV) ’

(5.8)

O'A/h/ ~

where o = % is defined by the U(1)p charge e’ of A’.
Compared with the ete™ — A’~y direct production, the
production rate of the Higgs—Strahlung process depends
on two additional parameters, o/ and my,;.

If the mixing term between the dark Higgs and SM
Higgs at tree level (e.g., kh'?h?) is absent, the dark-Higgs
decay mode depends on the relative mass of the dark
Higgs and A’. For mp > mas, the dark Higgs decays
into a pair of real A”’s with a decay width of [§]

Fig. 6 The Higgs-strahlung process ete™ — A’h’.

3) For discussion of the A’ production associated with the SM Higgs ete™

111403-8

Therefore, the signature of the Higgs-strahlung pro-
cess in this mass regime is three pairs of leptons with
my+;- ~ m4s. In addition, a peak is expected around my
in the four-lepton invariant mass distribution meg;+;-.
Compared with the QED background ete~
at O(a?) for the ete™ — A’y — [T~y direct produc-
tion, the six-lepton background ete™ — 3I1I~ for this
process is only of order O(a%). Moreover, as the initial
electrons and positrons in the background events may
still have large energies along the beam pipe after the
peripheral collision, cuts on the lepton angle and invari-
ant mass would be very useful for background suppres-
sion [8]. For mas < mp < 2ma and mp < mys, the
decay channels through the virtual dark photon A™*, i.e.,
h — ATA™ — A'lT]~ and B/ — A A™ — [T171T]~, are
suppressed by the phase-space factors. The dark Higgs
can also directly decay into a pair of leptons via a loop
containing A’*’s. Consequently, this process is suppressed
by a loop factor.

For a non-Abelian dark sector with gauged SU(2)p x
U(1)p, the vacuum may be maximally broken [15].
Therefore, all dark gauge bosons generically mix with
each other. In this case, the production and decay pro-
cesses of dark gauge and dark Higgs bosons may be very
complex and depend on the detailed model [9, 15]. For
example, the decay width of dark non-Abelian gauge
bosons W' into charged SM particles depends on the
mixing angles 6 with U(1)p [9]

— l+177

1
FW/—>l+l* ~ 56292

(5.10)

am,,.

Fig. 7 The production processes of the dark SU(2) gauge bosons
at the ete™ collider: (a) ete™ — W/W’, (b) ete™ — W'R'.

— A’h in future high-energy eTe™ colliders, see Ref. [74].
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The possible dark-boson production processes include
etem — A" — W'W’ and ete™ — A* — W'R/| as
shown in Fig. 7. Depending on the parameters, a dark
gauge boson will subsequently decay into the lightest
dark bosons. Therefore, the typical signatures of the non-
Abelian dark sector always have high lepton multiplici-
ties with or without photons. It is possible to suppress
the QED background through full reconstruction of E.,,
or displaced vertices [9)].

If the non-Abelian sector is confined to a Ap scale,
the dark quarks induced by the eTe™ collision produce
a high multiplicity of dark hadrons after the shower and
hadronization processes [9]. This scenario is similar to
the hidden-valley scenario [75-77]. Further, many colli-
mated lepton jets from dark-hadron decays at the detec-
tor should appear. The final-state distribution depends
on the E.,,/Ap ratio.

5.4 Missing energy

In the above discussions, we have focused on searches
for charged lepton (or hadron) pairs from dark-boson
decays. In this subsection, we discuss signatures contain-
ing missing energy or displaced vertices. For example, for
mar > mp > 2my, the decay length of the dark Higgs
is [8]

-1
o/ a?ermy m?
CThr ™~ 2 1
2m m%,

<10 (2 () () () o

where I is a loop factor for h’ — 7]~ through a triangle
diagram containing A*’s. Therefore, the dark Higgs is a
very long-lived particle in this mass region. Depending
on the realistic parameter set, the dark Higgs may decay
in the detector with a displaced vertex, or it may es-
cape from the detector. In the latter case, the signature
contains several leptons and missing energy.

Another important possibility is the invisible decay of
A’ into light DM particles [6, 7, 78-80]. In this case,
the DM interacts with the SM particles through the
A’. At the eTe™ collider, the possible signatures are
the invisible decay of mesons or the mono-photon from
ete™ — missing energy + . The event rate depends
on the DM mass and DM coupling to the A’. Compared
with the visible channel ete™ — A+ X — [T~ + X (X
denotes any particle), which is suppressed by a factor of
O(e*) at least, the suppression of the ete™ — A’ + X —
missing energy+ X invisible channel may be only O(€?),
if the A’ has a large interaction with DM. The irreducible
backgrounds are comprised of processes containing neu-
trinos. The mis-measurement of ordinary particles may

Peng-Fei Yin and Shou-Hua Zhu, Front. Phys. 11(5), 111403 (2016)

also induce so-called “fake missing energy”.

If there are more fermions in the dark sector, DM can
be produced via cascade decays through the on- or off-
shell A’ such as f/ — yA" — xIT1~ [9, 14, 15]. In that
case, it is possible to reconstruct an endpoint in the dilep-
ton invariant mass distribution.

6 Current status of light sector searches at
high-luminosity low-energy ete™ colliders

In this section, we discuss results from several eTe™ col-
liders. These experiments operate at different E..,, values
of 1-10 GeV. Their enormous datasets are ideal for the
investigation of new particles in the dark sector and their
interactions with SM particles.

6.1 ¢ factories

The DA®NE ete™ collider is a ¢ factory running at an
Eep, of ~ 1020 MeV. From 2000 to 2006, the KLOE de-
tector operated at DA®NE collected 2.5 fb~! of data.
The KLOE collaboration has searched for A”’s in the
¢ — nA’ rare decay. In Ref. [81], 1.5 fb~! of data (cor-
responding to 5 x 10° ¢ mesons) and the tagging de-
cay channel n — 77~ 70 are considered. The dominant
background is the Dalitz decay of ¢ — nl*i~. This pro-
cess has a cross section of ~ 0.7 nb in My < 470 MeV
with a branching ratio of BR(¢ — nl*l~) ~ 1.14 x 1074,
whereas the production cross section of ¢ — nA’ is ~ 40
fb for n = 1073. As the e* can be easily identified using
a time-of-flight technique, the KLOE collaboration has
focused on the A" — eTe™ decay channel. Hence, as no
excess has been found in the dilepton invariant mass dis-
tribution following background subtraction, the KLOE
researchers have set an upper limit on €? of 2 x 10~° for
50 < mar < 420 MeV at 90% confidence level (C.L.).

In Ref. [44], the KLOE search for the ¢ — nA’ —
nlt1~ decay was reported, which was conducted using
the n — m%7%70 tagging decay for a 1.7-fb~! data sam-
ple. Combined with the previous study of n — 777V,
improved upper limits on €2 of 1.7x107° for 30 < My <
400 MeV or 8 x 1076 for 50 < my4 < 400 MeV were re-
ported.

The KLOE collaboration has also probed A’’s through
the eTe™ — A’ direct production with A" — u™pu~ and
A" — ete~. These searches have set upper limits on €2 of
8.6 x1077-1.6 x 10~° for 520 < mas < 980 MeV [45] and
~1076-107% for 5 < mas < 520 MeV [82], respectively.

6.2 B factories
The BABAR experiment at PEP-II and the Belle ex-
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periment at KEK-B have collected an enormous amount
of data (~ 1.4 ab™!) at and in the vicinity of the
T resonances. The BABAR collaboration has searched
for the light CP-odd Higgs A° in the next minimal
SUSY model in Y decays such as T(29,35) — A%y
and Y(25) — T(19)ntn~ — A%yrt7r~, which are fol-
lowed by A° — ptpu~ [43, 83], A — 777~ [84, 85],
or A° — invisible [86, 87]. The results of searches for
1(25,35) — A% — utpu~v based on an ~ 40 fb~!
dataset can be reinterpreted as providing constraints on
the A’ signature Y(25,3S) — A’y — ptu~, as a result
of the same final states (see e.g., [59, 60]). The corre-
sponding upper limit on €? is of order ~ 1072, A similar
search for T(19) — vA® with A — uTu~ or 777~ has
also been performed at CLEO, based on 1.1 fb~! of data
[88].

As the CP-odd Higgs A° only has large coupling to
heavy quarks via the Yukuawa interaction, it is prefer-
able to search for this particle in narrow resonance de-
cays, such as Y(25) and Y(35). However, for A”’s with
“universal” couplings to all fermions, the continuum pro-
duction around a broader resonance is also significant
[10]. In Ref. [42], the BABAR collaboration study of
the ete”™ — A’ production with A’ decay into eTe™
or putp~ is reported. This search was based on 514 fb=!
of data, primarily at and in the vicinity of the Y(45)
resonance. The constraints on e for a broad mass re-
gion of 0.02 < ma < 10.2 GeV are shown in Fig. 2.
It is apparent that the BABAR limits are at the level
of € ~ O(107%), and are, therefore, stronger than many
previous experimental results. Note that the parameter
region favored by the explanation of the discrepancy be-
tween the predicted and measured (g — 2),, has been al-
most completely excluded®) .

For other light particles in the dark sector, the
BABAR collaboration has probed the ete™ — W/'W' —
[T17171~ di-boson production using 536 fb~! of data
[89]. In this search, two dark gauge bosons were assumed
to have similar mass. The W’ couplings to electrons and
muons were also assumed to be equal. Note that, for a
small mass region, the upper limits on ape? can be set
to the level of O(10719).

The BABAR search for dark Higgs production in
the Higgs-strahlung process ete™ — AW — A'A’A’
is presented in Ref. [90]. Several different A’ and dark
Higgs mass combinations were taken into account in the
0.8 < my < 10 GeV and 0.25 < my < 3 GeV ranges,
with the constraint that mjy > 2mas. The A’ and dark
Higgs can be either fully reconstructed in the 3(I*t1™),
2(M1 )yntr~, and 2(7w 7)1~ final states, or partially

reconstructed in the 2(utp~™) + X and ete putp™ + X
(X denotes any particle) final states. Depending on the
A’ and dark Higgs masses, the upper limits on ape? can
be ~ 107101077,

The searches conducted at Belle are similar to those at
BABAR. As the sensitivity to € is scaled as the fourth
root of the luminosity, the Belle investigations using
~ O(10%)-fb~! data also set similar constraints to those
given by BABAR. Recently, the Belle collaboration re-
ported the results of searches for ete™ — A’ — A’ A’ A’
with A’ — ete™, uTpu~, or 77~ inthe 0.1 < ma < 3.5
GeV and 0.2 < myp < 10.5 GeV mass ranges [91]. Based
on 977 fb~! of data, the upper limit on ¢ was set to
~ 8x 107 for ap = o, my < 8 GeV, and ma < 1
GeV. As shown in Fig. 3, the future Belle-II, which will
have 100 times more luminosity than BABAR and su-
perior trigger efficiency and mass resolution, will yield
several-fold tighter limits for e [12, 56].

6.3 Charm factories

The BESIII detector is operated at the BEPCII ete™
collider, which has a design peak luminosity of 1033 cm =2
s~1. Using a large sample of J/4, 1(2S5), and 9(3770),
BESIII can be used to perform searches for light A" and
other new light particles.

In Ref. [92], the BESIII collaboration search for a
light A° in the ¢/ — ata~J/vp — wfa~vA° pro-
cess was reported, where A° — ptp~. This study was
based on 1.06 x 10% events at the 1)’ resonance peak.
Depending on m 4o, upper limits on the BR(J/¢ —
vA®%) x BR(A — p* ™) branching ratio ranging from
4x1077 to 2.1 x 10~° were set. These results can be used
to set constraints on A’. Note that the A° couplings to
quarks are proportional to the quark masses. Therefore,
B factories are more sensitive to searches for such par-
ticles because of their larger production rates. However,
charm factories are ideal for probing A’, as this particle’s
couplings to SM leptons are “universal”.

The BESIII collaboration has performed a search for
invisible  and 1’ decays in J/v — ¢n and ¢n’, based on
a data sample of 2.25 x 108.J/1) events [93]. The invisi-
ble n and 7’ decays were tagged by ¢ — KTK~. As no
signals were found, this analysis set constraints on the
invisible decay branching ratios of BR(n — 1.0 x 107%)
and BR(n' — 5.3 x 107%).

Some previous phenomenological studies have dis-
cussed the possibility of probing A’ via several pro-
cesses at BESIII, such as ete™ — vyA', J/¢p — A'lTI,
P(28) — A’Xc1,2, and J/1p — A’R/, with the leptonic or

4) If A”’s decayed into particles in the dark sector, the constraints would be weaker.
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invisible decay of A’ [11, 79, 94]. Several experimental
analyses are still in progress. For example, the BESIII
collaboration is searching for A’ in the ete™ — y;gpA’
initial-state radiation process, with A" — ete™ or putpu™,
based on 2.9 fb~! of 4(3770) data [95]. In this analysis,
the initial-state radiation photon is emitted at a small
polar angle and is not detected by the electromagnetic
calorimeter. Through use of this so-called “untagged”
photon method, the constraints set by BESIII in the 1.5~
3.4-GeV mass range are comparable with those given by
BABAR.

7 Discussion and conclusions

Although the SM has achieved considerable success in
the past, the existence of the BSM is well supported by
many unresolved fundamental questions in high-energy
physics. Thus, a new sector consisting of a series of
light, weakly coupled particles at low energies may exist.
The findings of DM detection experiments, such as the
cosmic-ray electron-positron excess, the DAMA modula-
tion signal, and gamma-ray excess in the Galactic center,
provide indications of the dark sector. In the proposed
scenario, a ~ O(1) GeV A’ couples DM to SM particles
through kinematic mixing, which can be probed in both
intensity and high-energy experiments.

Low energy ete™ colliders are ideal tools for search-
ing for A’ and other related light bosons, as they have
provided extremely large collected data samples on the
GeV scale. A’ can be identified by a narrow peak in the
di-lepton invariance mass distribution, and the produc-
tion of other dark bosons induces even more lepton pairs
in the final states. Furthermore, highly suppressed dark-
boson decay into leptons or invisible decay into DM par-
ticles should leave a displaced vertex or missing energy
signature at the detector. These features provide a very
rich and interesting phenomenology at eTe™ colliders.

Some current high-luminosity experiments at different
E.,,, such as KLOE, CLEO, BABAR, Belle, and BE-
SIII, have searched for A’ in the eTe™ — vA’ — yIT1~
process and in some meson rare decays. As no significant
signatures have been found, upper limits can be set on €
at a level of ~ 1073, These limits are complementary to
those set by fixed-target and beam-dump experiments.
Furthermore, the parameter region favored by the ex-
planation of the discrepancy between the predicted and
measured (g — 2),, has been almost completely excluded
by current low-energy e™e™ collider results.

As the sensitivity to e scales as the fourth root of the
integrated luminosity, colliders with higher luminosities
are required in future in order to probe the light dark

Peng-Fei Yin and Shou-Hua Zhu, Front. Phys. 11(5), 111403 (2016)

sector. Upgraded Super-B factories will collect approxi-
mately two orders of magnitude more data than current
B factories. Further, proposed super-tau-charm factories
are designed to achieve a luminosity of 103° cm=2-s7 1.
These experiments will improve the current experimen-
tal sensitivities to e. In addition, detailed data analysis
to determine signatures containing multi-lepton pairs or
missing energy will also provide an opportunity to fur-
ther reveal the properties of the dark sector.

Finally, we note that new light particles may also be
searched for using the cosmic-ray signatures produced in
the earth or in the sun [96-100]. By combining results
from experiments targeted at the three basic frontiers of
particle physics, it will be possible to establish a univer-
sal picture of the new physics in the future [101].
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