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Abstract. Searches for dark matter particles in the GeV mass range and for dark forces
are strongly motivated by the numerous striking astrophysical observations recently reported by many experiments.
Flavor factories, like the Frascati Φ-factory DAΦNE, are particularly suited to search for
the light gauge vector boson, called U boson, which is thought to mediate an unknown
interaction between hypothetical dark matter particles.
By using the KLOE detector, limits on U boson coupling factor ε2 of the order of 10−5 ÷
10−7 have been set through the study of the φ Dalitz decay, the Higgsstrahlung process
and Uγ events. New experiments with the upgraded KLOE detector and the increased
luminosity of DAΦNE are expected to improve the already set upper limits by a factor of
two or better.
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1 Introduction
The postulation of a non-luminous and nonbaryonic form of matter, called dark matter
(DM), dates back to the ’30s year of the past
century [1–3] when indications of discrepancies in galaxy kinematic have been reported
for the first time. Today, the DM existence is
well established at galactic [4–7] and cosmological level [8–11]. Nevertheless, evidences
for a low energy dark sector weakly coupled
to the Standard Model (SM) are equally compelling. In the last years, indeed, many unexpected features in cosmic ray spectra and other
astrophysical anomalies have been observed by
many experiments. Among the most important we report: the e+ /e− excess in the cosmic ray flux reported by PAMELA [12] and recently confirmed by AMS [14](see Fig. 1); the
511 keV gamma ray signal from galactic center by the INTEGRAL satellite [16]; the total
e+ /e− flux measured by Atic [17], Hess [18] and
Fermi [19, 20]; the DAMA/LIBRA annual modulation signal[21, 22].
Although each of these discrepancies could
find possible astrophysical explanations such as
pulsars or supernova shocks [23–26], these observations all together could be explained with
the existence of a light (few GeV) vector gauge
boson belonging to an extra abelian gauge symmetry and mediator of an unknown force between DM particles. This boson should be able
to couple with strength ε2 e to ordinary particles
by means of kinetic mixing with the SM hypercharge field [27–34]. A tipical value for the kinetic mixing parameter ε is expected to be of the
order 10−3 [27, 28, 33, 35–38] so that observable
eﬀects can be induced at e+ e− colliders [35, 39–
41] and fixed target [42–44] or beam dump experiments [45–49].
The U boson existence could also account
for the muon magnetic anomaly discrepancy aμ
giving rise to an additional positive 1-loop contribution that could increase the aSμ M value, solving the discrepancy for mU ∼ 10 − 100 MeV and
coupling of ε ∼ 10−3 order [50]. Furthermore,
a natural hypothesis is that the new symmetry is
spontaneously broken by an Higgs-like mecha-

Figure 1. Upper panel: the PAMELA positron fraction compared with theoretical model. The solid line
shows a calculation by Moskalenko and Strong [15]
for pure secondary production of positrons during the
propagation of cosmic-rays in the galaxy. The great
discrepancy points to a primary source of positron in
the galaxy. Lower panel: the positron fraction measured by AMS and fitted with the minimal model
of ref. [14], this model, with diﬀuse electron and
positron components and a common source component, is in very good agreement with data

nism, thus introducing the suggestive hypothesis
of the existence of an additional scalar particle.
At KLOE dark forces can be probed by using
three diﬀerent approaches involving meson decays, Higgsstrahlung or radiative processes. In
the following we will report on the status of dark
forces searches at KLOE/KLOE-2.

2 DAΦNE facility and KLOE
Detector
+ −
DAΦNE
√ is an e e collider working at the energy s = mφ = 1.0195 GeV which is located
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at the National Laboratories of Frascati. The
DAΦNE Accelerator Complex consists of a linear accelerator, a damping ring, nearly 180 m
of transfer lines, two storage rings that intersect
at two points, a beam test area (BTF) and three
synchrotron light lines. The KLOE detector is
made up of a large cylindrical drift chamber
(DC, see Fig. 2), surrounded by a lead scintillating fiber electromagnetic calorimeter (EMC, see
Fig. 2). A superconducting coil around the EMC
provides a 0.52 T magnetic field. The EMC provides measurement of photon energies, impact
point and an accurate measurement of the time
of arrival of particles. The DC is well suited for
tracking of the particles and reaction vertex reconstruction. The calorimeter is divided into a
barrel and two end–caps and covers 98% of the
solid angle. The modules are read out at both
ends by 4880 photo–multipliers. Energy
and
√
/E
=
5.7%/
E(GeV)
time resolutions are
σ
√ E
and σt = 57 ps / E(GeV) ⊕ 100 ps, respectively. The all-stereo drift chamber, 4 m in diameter and 3.3 m long, is made of carbon fiberepoxy composite and operates with a light gas
mixture (90% helium, 10% isobutane). The position resolutions are σ xy ∼ 150 μm and σz ∼
2 mm. The momentum resolution is σ p⊥ /p⊥
better than 0.4% for large angle tracks. Vertices are reconstructed with a spatial resolution
of ∼ 3 mm.

3 U boson searches at KLOE
KLOE is a well suited place to study the light
dark sector for three main reasons: (i) it operates on DAΦNE at the Ecm ≈ 1 GeV energy
scale; (ii) cross sections for most of the interesting processes involving dark matter at e+ e−
colliders scale with 1/s , this means a factor of
100 with respect to B factories, almost compensating the loss in integrated luminosity; (iii) it’s
an ideal place to study some rare meson decays.
At KLOE, dark forces are exploited by studying
three diﬀerent processes: light meson decay, U
production through Higgsstrahlung process and
Uγ events. By investigating these three diﬀerent processes KLOE has set three upper limits
on the kinetic mixing angle ε2 .

Figure 2. Schematic cross-view of the KLOE apparatus

3.1 Limit on U boson production using
the φ Dalitz decay

The U can be searched for in vector (V) to pseudoscalar (P) meson decays, with a rate that is
ε2 times suppressed with respect to the ordinary
V → P transitions [51]. Since the U is supposed
to decay to e+ e− with a non-negligible branching
ratio, V → PU events will produce a sharp peak
in the invariant mass distribution of the electronpositron pair over the continuum background
due to Dalitz decay events V → Pe+ e− . Using this approach, KLOE has already published
a limit on the existence of the U boson, studying
φ → ηe+ e− decays (see also Fig. 3), where the
η meson was tagged by its π+ π− π0 [52]. By applying the analysis procedure described in [52]
a first UL on the ratio of U boson coupling constant and fine structure constant of the order of
10−5 has been derived in the energy range 5–
460 MeV. This first UL has been then combined,
improving sample statistic and background rejection, with the UL derived by tagging the η
meson by its neutral decay into 3π0 [53]. The
analysis of the decay chain φ → ηU, η →
π+ π− π0 , U → e+ e− , has been performed on a
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Figure 3. U boson production through Dalitz φ meson decay

data sample of 1.5 fb−1 . A first pre-selection is
performed by requiring [52]:
• two positive and two negative tracks with
point of closest approach to the beam line inside a cylinder around the interaction point
(IP), with transverse radius RFV = 4 cm and
length ZFV = 20 cm;
• two photon candidates i.e. two energy clusters
with E > 7 MeV not associated to any track, in
an angular acceptance | cos θγ | < 0.92 and in
the expected time window for a photon (|T γ −
Rγ /c| < min(5σt , 2ns));
• best π+ π− γγ match to the η mass in the pion
hypothesis to assign π± tracks ; the other two
tracks are then assigned to e± ;
• loose cuts of about ±4σ ’s on η and π0 invariant masses (495 < mπ+ π− γγ < 600 MeV,
70 < Mγγ < 200 MeV).
The analysis of the decay channel η → 3π0 is
the same as described in [52], with the addition
of a cut on the recoil mass to the e+ e− π+ π− system which is expected to be equal to the π0 mass
for signal events. The event selection performed
for the η → π0 π0 π0 decay, on a data sample of
1.7 fb−1 , requires [53]:
• two opposite charge tracks with point of closest approach to the beam line inside a cylinder, around the interaction point (IP), of 4 cm
transverse radius and 20 cm length;
• six prompt photon candidates, i.e. energy
clusters with E > 7 MeV not associated to
any track, in an angular acceptance | cos θγ | <

Figure 4. Comparison of experimental and simulated invariant mass (Mee ) distributions for φ →
ηe+ e− , η → 3π0 events

0.92 and in the expected time window for a
photon (|T γ − Rγ /c| < min(3σt , 2ns));
• a loose cut on the six-photon invariant mass:
400 < M6γ < 700 MeV.
At the end of the analysis chain, 30577 events
are selected, with 3% background contamination (see Fig. 4). The analysis eﬃciency, defined
as the ratio between events surviving analysis
cuts and generated events, is 15% at low e+ e−
invariant masses, increasing up to 30% at higher
Mee values. The upper limit on the U boson
production in the φ → ηU process is obtained
through the Confidence level Signal (CLS) technique [54–57] by using the Mee spectra before
background subtraction (see Fig. 5) and by varying the MU mass, with 1 MeV step, in the range
between 5 and 460 MeV. Only five bins (5 MeV
width) of the reconstructed Mee variable, centered at MU are considered. For each channel,
the irreducible background, is extracted directly
from data after applying a bin-by-bin subtraction of the non-irreducible backgrounds and correcting for the analysis eﬃciency. The Mee distribution is then fit (see Fig. 5), excluding the
bins used for the upper limit evaluation. A e+ e−
invariant mass resolution of about 2 MeV in
whole analysis range and a bin-by-bin systematic error on background knowledge have also
taken into account in the UL extraction procedure. The limit is extracted both for each η decay channel and then combined. For the combined procedure, the CLS evaluation is done by
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Figure 5. Fit to the corrected Mee spectrum for the
Dalitz decay φ → ηe+ e− , with η → π0 π0 π0 (top) and
η → π+ π− π0 (bottom)

summing values over all bins of the two decay
channels, taking into account the diﬀerent luminosity, eﬃciency and relative branching ratios of the two samples. In Fig. 6, top, the
UL at 90% of CL is shown for both eta decay channels. In Fig. 6, bottom, the smoothed
combined upper limit on the branching fraction
for the process φ → ηU, U → e+ e− , is compared with evaluations from each of the two η
decay channels. The combined UL on the product BR(φ → ηU) × BR(U → e+ e− ) varies from
10−6 at small MU down to 3 ×10−8 . The exclusion plot in the ε2 = α /α Vs MU plane has been
derived by assuming the following relation [41]:

Figure 6. Top: upper limit at 90% CL on the number of events for the decay chain φ → ηU, U →
e+ e− with η → π0 π0 π0 and η → π+ π− π0 . Bottom: smoothed upper limit at 90% CL on BR(φ →
ηU) × BR(U → e+ e− ), obtained separately for the two
η decay channels and from the combined analysis

σ(e+ e− → ηU) = ε2 |Fφη (m2U )|2 ×
3

λ 2 (m2φ , m2η , m2U )
3

λ 2 (m2φ , m2η , 0)

σ(e+ e− → ηγ),

(1)

3

with λ 2 (m21 , m22 , m23 ) = [1 + m23 /(m21 − m22 )]2 −
4m21 m23 /(m21 − m22 )2 . In Fig. 7 is reported the
exclusion plot at 90% of confidence level derived using both the Vector Meson Dominance
(VMD) expectation for the transition form factor slop (bφη ∼1 GeV 2 ) and the experimental value from SND (bφη ∼ 3.8 GeV2 ). Since
the SND values has a 50% of uncertainty, the
UL finally chosen is that more conservative resulting in a limit of: α /α < 1.7 × 10−5 for
30 < MU < 400 MeV, and for the sub-region
50 < MU < 210 MeV of α /α < 8.0 × 10−6 . As

Figure 7. Exclusion plot at 90% CL for the parameter α /α = ε2 , compared with existing limits from the
muon anomalous magnetic moment (black line), from
MAMI/A1 (red area) and APEX experiments (green
area). The gray line represents the expected values
of the U boson parameters needed to explain the observed discrepancy between measured and calculated
aμ values. The dotted line is the previous KLOE result, obtained with the η → π+ π− π0 . For the recent
experimental UL in the mass region below 100 MeV
see [58, 59].

00004-p.5

EPJ Web of Conferences

Figure 8. Diagram of the U boson production through
higgsstrahalung process

you can see, a wide range of U boson parameters are excluded as possible explanation of the
aμ discrepancy.
3.2 Search for Higgsstrahlung process

If the U boson exists it is also natural to conceive
the existence of an elementary Higgs-like boson,
the dark higgs h , which spontaneously breaks
the extra U D (1) symmetry. Assuming the existence of a higgs’ boson, a particularly interesting process from the experimental point of view
is the Higgsstrahlung e+ e− → h U process (see
Fig. 8), which can be observed at KLOE if mU +
mh < mφ . The signature of this process heavily
depends on the U and h mass hierarchy . If the
h is lighter than the U boson it turns out to be
very long-lived (see [40]), so that the signature
of the process will be a lepton pair, generated
by the U boson decay, plus missing energy. The
processes gives many advantages. There are no
other physical process with the same signature,
the QED + − γ background, with the γ escaping detection, is strongly suppressed due to high
detection eﬃciency and reaction kinematics, the
trigger eﬃciency is ∼ 99%. More suggestive,
such a signature could confirm in one shoot the
existence of two new particles. The production
cross section of the dark Higgsstrahlung process is proportional to the product αD × ε2 and
depends on the boson masses [40]. The expected cross section in the KLOE range of interest, for ε = 10−3 and αD = αem , has values up to hundreds of fb. The lifetime of the

Figure 9. Top panel: Mmiss Vs Mμμ for on peak sample (1.65 fb−1 integrated luminosity). Bottom panel:
Mmiss Vs Mμμ for the oﬀ peak sample, (0.2 fb−1 integrated luminosity)

dark Higgs boson depends on the kinetic mixing parameter ε, the boson masses mh and mU
and the dark coupling constant αD . For masses
of the order of 100 MeV and αD = αem the
dark Higgs boson lifetime would be ∼ 5μs for
ε = 10−3 , corresponding, for KLOE energies, to
a decay length of ∼ 100m. The dark Higgs boson would be invisible up to ε ∼ 10−2 ÷ 10−1 ,
depending on the h mass. KLOE is studying
the Higgsstrahlung process in the energy range
2mμ < MU < 1000 MeV, by limiting its search
to the e+ e− → h U, U → μ+ μ− , h invisible [60].
Compared to the B-factory case [61], KLOE
benefits of the 1/s factor and of the resonancelike behaviour expected for the production cross
section [40]. The analysis has been performed

00004-p.6

Lepton and Hadron Physics at Meson-Factories

by using a data sample of 1.65 fb−1 collected
at center of mass energy Ecm corresponding to
the φ peak (∼ 1019 MeV) and a data sample of
0.2 fb−1 at Ecm = 1000 MeV (oﬀ-peak sample).
The event selection requires [60]:
• events with only two opposite charge tracks,
with a reconstructed vertex inside a 4 × 30 cm
cylinder around the interaction point;
• each track must have an associated EMC cluster;
• the visible momentum direction has to be in
the barrel: | cos θ| < 0.75;
• the momentum of each reconstructed particle
must be below 460 MeV;
• the modulus of the missing momentum must
exceed 40 MeV.
The hermeticity and tightness of the electromagnetic calorimeter has been used as a veto to
avoid the presence of photons in the event. The
event selection then proceeded by applying particle identification (PID) algorithms almost entirely based on the excellent energy and time
resolution of the EMC. After the missing energy and the PID selections, a huge background
from φ → K+ K− , K± → μ± ν events survives
in the on peak sample. Since Kaons in KLOE
have a decay length of ∼ 90 cm, the reconstructed vertex of the extrapolated muon tracks
is thus expected to be displaced from the IP, due
to the charged kaon lifetime, and with a bad χ2
of the fitting procedure. A cut based on the
vertex-IP distance and on the goodness of the
track fitting χ2 allowed to reduce the K± background. Events surviving the described selections have been organized in bidimensional histograms with the muon pair mass Mμμ and the
event missing mass Mmiss on the two axes. In order too keep most of the signal in one bin only,
a 5 MeV bin width in the Mμμ has been chosen while for Mmiss a variable binning of 15,
30 and 50 MeV widths is used. Results are
shown in Fig. 9 for the on peak and oﬀ peak
sample. in the second case of course the huge
backgrounds coming from φ resonant processes
are suppressed. No signal signature has been observed and a bayesian UL on number of signal

Figure 10. 90% CL bi-dimensional upper limits in
αD × ε2 for the on peak sample (upper plot) and oﬀ
peak sample (bottom plot)

events at 90% CL has been evaluated, bin-bybin, for the on peak and oﬀ peak sample. Results have been translated in terms of αD × ε2
by using the integrated luminosity information,
the signal eﬃciency and the dark higgsstralung
cross section and the branching fraction of the
U → μ+ μ− decay [40]. The αD × ε2 90% CL
limits are shown in Fig. 10, separately for the on
peak and oﬀ peak sample. These results were
then combined by taking into account the different integrated luminosities of the two samples and the expected slightly diﬀerent signal
eﬃciencies and cross sections due to the diﬀerent center of mass energies. The combined 90%
CL upper limits projected in the Mμμ and Mmiss
directions and slightly smoothed are shown in
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Figure 12. U boson production at e+ e− colliders
through radiative processes

Figure 11. Combined 90% CL upper limits in αD ×ε2
as a function of Mμμ for diﬀerent values of mh (upper
plot) and as a function of Mmiss for diﬀerent values of
MU (bottom plot plot)

Fig. 11. Values of the order of 10−9 ÷ 10−8 in
αD × ε2 are excluded at 90% CL for a large
range of the dark photon and dark Higgs masses.
These limits translate in ε ∼ 10−3 − 10−4 for
αD = αem and are in agreement and complementary with BaBar results [61] as they refer to the
same process in a diﬀerent final state and phase
space region .
3.3 U boson search by using the
e+ e− → μ+ μ− γ process

One interesting process to be studied is e+ e− →
Uγ, U → μ+ μ− shown in Fig. 12. It has the advantage of being a very simple and clean channel, independent of the existence and of the de-

tails of the Higgs sector of the secluded group.
A distinctive feature of the expected signal is the
appearance of a Breit-Wigner peak in the shape
of the invariant mass distribution of the lepton
pair induced by the mechanism of photon radiative return and corresponding to U boson resonant production [35]. Moreover, its expected
cross section can be as high as 0.1 pb at DAΦNE
energies [39].
With the aim to find a U boson peak, we
analyzed about 240 pb−1 by requiring a small
angle event selection (θγ < 15◦ , θγ > 165◦)
and two charged particles with 50◦ < θμ <
130◦. This selection gives us a significant reduction of all φ resonant and final state radiation radiative process background leaving an
high initial state radiation statistic signal. The
main background channels surviving the selection cuts are represented by radiative Bhabhas
e+ e− γ, π+ π− γ events and π+ π− π0 . Their contribution has been obtained by fitting data as
a superposition of all background contributions
plus signal, where π+ π− γ and π+ π− π0 have
been estimated with the PHOKHARA Monte
Carlo (MC) generator [62] while e+ e− γ have
been carefully evaluated from data. Once the
measurement/simulation corrections have been
applied we extracted the μ+ μ− γ cross section
by subtracting the residual background from the
observed spectra and dividing it for eﬃciencies
and the integrated luminosity. The μ+ μ− γ absolute cross section, derived by the analysis procedure described above, was then compared with

00004-p.8

40000
35000
30000
25000
20000
15000
10000
5000
0

Sim. / Meas.

dσ/dsμ (nb/GeV)

Lepton and Hadron Physics at Meson-Factories

μμγ PHOKHARA Simulation
μμγ KLOE Measurement

0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

1.3

219.5

1.2

A0

/ 231
0.9998

0.1559E-02

1.1
1

Figure 14. 90% CL upper limit on number of signal
events in the whole investigated range
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Figure 13. Top: Data-MC comparison of μ+ μ− γ absolute cross section and the QED NLO MC prediction
in the 520–980 MeV energy range. Bottom: Ratio of
simulated and measured cross sections

the next-to-leading order (NLO) QED simulation from PHOKHARA Event Generator. The
comparison is shown in Fig. 13. As it is possible to see an excellent agreement between Data
and PHOKHARA MC prediction was achieved.
No evidence of U boson peak was found, so an
UL on the kinetic mixing parameter ε2 at 90%
CL was extracted. The UL on number of signal
events has been derived by using the CLs technique [54–56] and particularly the TLimit [57]
root class. As data input of our procedure we
used the observed spectrum and as expected
background input the QED NLO MC prediction
by PHOKHARA. The signal input has been obtained by generating in step of 2 MeV, a gaussian
U boson signal centered at each mass bin, with a
sigma value between 1.3-1.8 MeV derived form
a Mμμ invariant mass resolution study. Also a
bin-by-bin systematic error of 1.8-1.3% on the
expected background has been applied to the
procedure. The result is reported in Fig. 14 in
the whole analysis range at 90% CL. This result
has then been converted in terms of the model
parameter ε2 by using the following formula:
ε2 =

α
NCLS /( eﬀ · L)
=
α
H·I

(2)

where NCLS is the number of entries of signal
hypothesis excluded as fluctuations at the 90%
CL reported in Fig. 14. This values have been
then corrected for analysis eﬃciencies and background subtraction; eﬀ are the acceptance corrections; L is the integrated luminosity L =
239.29 pb−1 ; H is the radiator function given by:
H=

dσμ+ μ− γ /dsμ
,
σ(e+ e− → μ+ μ− , sμ )

(3)

where dσμ+ μ− γ /dsμ is the partial cross section
of e+ e− → μ+ μ− γ, sμ is the invariant mass of
muons, σ(e+ e− → μ+ μ− , sμ ) is the total cross
section of e+ e− → μ+ μ− process; I is given by
the following integral:

(4)
I = σμμ
U dsi ,
i

σμμ
U

= σ(e+ e− → U → μ+ μ− , s) is the
where
total cross section of U boson production decaying in the μ+ μ− channel, s = MU2 , i is the mass
bin number. The above integral has been calculated by making explicit its dependence from
the kinetic mixing parameter putting ε = 1. The
result of the application of this formula is given
in Fig. 15 where it is shown the exclusion plot
on the kinetic mixing parameter ε2 in the range
520–980 MeV in comparison with the existing
limits. In blue we can see our result where it
is clearly visible the reduction of the sensitivity due to ρ meson at ∼ 0.77 GeV, in red the
Mami results [63], in dark green the Apex result
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Figure 15. 90% CL exclusion plot in comparison
with existing limits coming from, the Mami (red area)
and Apex (green area) experiments and KLOE UL obtained through φ Dalitz decay. The black line represents U boson parameter values that could explain the
aμ anomaly. WASA limit published in October 2013
is not shown.

[64] and in lined blue the KLOE UL in the region 5–460 MeV calculated using the Dalitz φ
decay [52, 53]. The black line represents the ε2
values consistent with a U boson contribution to
the muon magnetic moment anomaly aμ .

4 Conclusions
KLOE/KLOE2 experiment at DAΦNE facility
is an ideal place to search for dark forces in a
wide range of masses and by exploiting diﬀerent production mechanism (Uγ events, φ Dalitz
decay, Higgsstrahlung process). No U boson evidence in the investigated mass ranges is found
and upper limits have been set on kinetic mixing
parameter in the range 10−5 ÷10−7 depending on
the diﬀerent processes. KLOE-2 and DAΦNE
upgrades, especially the inner tracker well suited
to detect multi-lepton final state events, will give
us the possibility to improve the above shown
upper limits by a factor of about 2 or better.
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